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The last two decades saw the re-emergence of electrospinning and the feasibility to 
produce nano-scaled fibers. Through electrospinning a nonwoven mat of continuous 
nanofibers well below 1 um can be obtained. These electrospun nanofibrous 
membranes (ENMs) possess several attractive attributes that make them very 
attractive in separation technology. Although nanofibers have been commercialized 
for air filtration, they have yet to make similar breakthrough in pressure-driven liquid 
separations as they are deemed as ‘weak’ structures, unable to withstand the 
operating pressures generally encountered in separation technology. In this study, 
the feasibility of developing a self-supporting ENM and its applicability in liquid 
separation assessed.  The objective of the study was to understand and relate the 
influence of electrospun architecture to membrane properties and performance.  
 
Several polymer materials were explored and it was found that Polysulfone (PSU) 
was most suited for electrospinning. Using Dimethylformamide as solvent, and, PSU-
ENMs of various morphologies were generated by changing the solution 
concentration. As anticipated, as-spun ENMs were highly electrostatic and easily 
distorted. However by heat-treatment a structurally intact filter media was achieved, 
which made characterization of ENMs feasible.  
 
It was found that morphology and thickness of ENM had the greatest influence on its 
pore-size distribution, which dictates its role in separation applications. From the 
characterization, it was observed that as-spun PSU-ENMs had pores in the 1-5 um 
range. Thus it was postulated that as-spun ENM could be employed as filters for the 
Summary 
xi 
removal of micro-particles and a particle-challenge test conducted. The separation 
results obtained and the properties of ENM determined through characterization 
had high correlation. From the separation study it was deduced that when the 
particle size was larger than the ENM’s bubble-point, ENM behaved like a screen 
filter.  With sub-micron particles, ENM behaved like a depth filter.   
 
Through this study, it became apparent that developing ENMs with submicron-pores 
via electrospinning was not feasible or practical. Hence, to reduce the pore-size of 
ENMs surface modification techniques were employed. The feasibility of developing 
thin-film composite ENM (TFC-ENM) via interfacial polymerization was explored. 
Experiments revealed that surface energy if the ENM was a hindrance to the 
formation of a polyamide layer through interfacial polymerization. A new approach 
was proposed that allowed an effective polyamide film to be formed. Although the 
rejection of divalent and monovalent ions and flux obtained thus far with TFC-ENMs 
were below those of commercial NF membranes, the results are nonetheless 
encouraging. Besides, size-exclusion based separations, ENMs also showed promise 
in affinity separation and membrane distillation. Each holds a promise that warrants 
some further investigation to explore the viability of ENMs in these technologies.  
 
All the findings above highlight that ENMs do indeed have a role to play in separation 
technology. They hold tremendous potential and promise in liquid separation as pre-
filters, MF, UF and NF membranes. Although the results obtained thus far are 
encouraging, there is more that needs to be accomplished and understood before 
ENMs can be come mainstream products in liquid separation.  
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Figure 10.7 Effect of reaction time and feed pressure on flux of TF05 
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Figure 10.8 Effect of solute on separation using TF05 membranes. 
 
 141 




Figure 11.2 Conceptual Models for Affinity membranes. 
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Figure 11.3 Schematic: UV-grafting of MAA 
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Figure 11.4 Ce4+ ion initiated MAA grafting of PSU 
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Figure 11.5 (a) Influence of reaction time on COOH density and the  
resulting morphology at (b) Time = 0 hr, (c) Time = 1.0hr and 
(d) Time = 2.0 hr 
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Figure 11.7 Bilirubin-BSA-PSU membrane. Fluorescence indicated 
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1.1 Nonwoven Filter Media 
Nonwoven filter media are unordered, completely random fiber structures used to 
separate one or more phases from a moving fluid passing through it or to support 
another filter media that does the separation. In many instances, it may further contain 
additives to act as an adsorbent, absorbent, coalescing and/or antimicrobial media [1]. 
 
The main attraction of nonwoven filter media is its extensive fibrous network, absent in 
other forms of filter media such as phase-inversed membranes. The fibrous network 
provides non-woven media with a high internal surface area and hence enormous dirt 
loading capacity compared to phase-inverted membrane. This makes them ideal 
candidates for high efficiency filter media, both in liquid and air filtration applications.  In 
water treatment, nonwoven filter media are predominantly used as a pre-filter, which 
aids to take most of the load off downstream separation units, such as Reverse Osmosis 
(RO) membranes. These nonwoven pre-filters offer a cost-effective alternative to 
conventional pre-treatment systems, comprising of sequential steps of coagulation, 
flocculation and sedimentations [2].  
 
1.2 Fiber properties and its influence in filtration 
The performance of a fibrous media in filtration is determined by two important factors: 
Filtration efficiency and Permeation rate. Filtration efficiency relates to the 
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measurement of the smallest particle size that can be captured by the filter. It is related 
to the pore-size of the filter, with smaller pore size giving rise to higher filtration 
efficiency. Permeability, on the other hand, refers to the rate of flow of fluid through the 
filter. This is influenced by the porosity of the filter. A dense and closely packed filter will 
have a higher resistance to fluid flow and hence lower permeability. A low permeability 
is undesirable as it prolongs the filtration process. Greater driving force will need to be 
applied to bring the flow to an acceptable level, which will mean an increase in cost.  
 
The above mentioned factors are directly related to the fiber. A fiber’s diameter, length, 
aspect ratio, shape, surface topology and intrinsic structure play a significant role in 
filtration. A review of various filtration theories (Langmuir, Davies, Happel or Kuwabara) 
reveals that the fiber diameter is a dominant factor affecting the filtration properties of 
fibrous media [1]. Peart and Ludwig [3] presented a correlation of fiber diameter to both 
the number of fibers and number of pores in a medium, with smaller diameter fibers 
giving rise to increased number of fibers and pores. Both the number of pores and 
number of fibers directly relate to the porosity of the resulting filter. Depending on 
porosity, fiber diameter is then inversely related to the flow resistance of the web, with 
decreasing fiber diameter resulting in denser medium.  
 
The length of each fiber in a nonwoven medium influences its strength. In nonwoven 
filter media, using longer fibers means greater entanglement which enhances the 
structural integrity of the filter media. In addition, filters made of longer fibers, with high 
aspect ratio, are also more flexible and exhibit better resistance to flexing and tearing. 
This results in a more ‘durable’ filter. 
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As mentioned in the preceding section, the main attraction of fibrous medium is its high 
surface area. Hence, the ability to produce fibers with different morphology has an 
impact on its dirt loading capacity. For instance, a ‘crimped’ fiber has a higher surface 
area than a smooth fiber and thus possesses a higher potential for dirt loading. 
 
From the above discussion, it can be seen that to build an ideal filter, with high filtration 
efficiency and permeability, the structure of the fiber is critical.  
 
1.3 Processing of Fibrous Media: Electrospinning  
In the sixties, asbestos fibers were recognized as the best pre-filter media. The individual 
fibrils were smaller than 0.01um and they had a positive zeta potential. However, when 
it was suspected that asbestos fibers presented a health hazard, micron-sized glass and 
polymeric fibers were substituted [4]. Unfortunately, neither media equals the 
performance of asbestos as fiber processing techniques employed in the 1970s were 
unable to generate sub-micron fibers with large surface areas. A major stumbling block 
has been in developing an efficient media comprising of extremely fine fibers, like 
asbestos but without the health hazards. Hence, nonwoven media were made only from 
micron size fibers. Due to the size of the fibers, they were limited to the removal of 
particles between 10 to 200 microns [5] as the overall average pore size generated by 
these filters were large.  
 
With the advent of nanotechnology, it is now possible to produce non-hazardous 
polymeric fibers in the sub-micron to nanometer range. With the increasing interest in 
nanotechnology and in the development of cost-effective methods to produce nano-
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scaled materials, the goal of creating the ideal filter may become a reality. Interestingly 
enough, the most cost effective method to date to produce nanofibers is in fact an old 
technology developed by Formhals [6] in 1934 called Electrospinning. 
 
The principle of electrospinning is to use an electric field to draw a positively charged 
polymer solution or melt from an orifice to a collector. When the electrical force at the 
surface of the polymer solution or polymer melt overcomes the surface tension, a 
charged jet is ejected. The electrical forces elongate the jet thousands or even millions 
of times, making the jet very thin. Ultimately the solvent evaporates, or the melt 
solidifies, resulting in a long fiber collected on an electrically grounded collector as a 




Figure 1.1: Schematic diagram of the electrospinning process 
 
The benefits gained by electrospun sub-micron structures include, increase in surface 
area to volume ratio, decrease in pore size, a drop in structural defects, and superior 
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high performance filtration [8] polymer composite reinforcement and chemical-
biological protective clothing [9]. 
 
1.4 Electrospun Nanofibrous Media in Separation Technology 
Through electrospinning a nonwoven fibrous mat comprising of continuous fibers well 
below 1um, usually below 500 nm, can be obtained. These electrospun media possess 
several attractive attributes that make them very attractive in separation technology 
such as high porosity, interconnected open pore structure, high permeability for fluids 
and high specific surface area [10].  It has been shown, in air filtration application, that 
under the same operating conditions, a thin layer of nanofibers has far superior filtration 
efficiency as compared to larger microfibers. Thus nanofibers have been extensively 
used for air filtration in commercial, industrial and defense applications for more than 
20 years. They have shown to deliver improved filter life, increased contaminate holding 
capacity and enhanced filtration efficiency [11]. However the use of nanofibers in liquid 
separation has not materialized as yet. 
 
1.5 Stumbling Block 
To date, even in air filtration, electrospun fibers are used in combination with 
spunbonded fibrous filter. The electrospun web employed is usually very thin (order of 
1um or less) and unable to support itself [11]. It is commonly collected over a substrate 
– selected based on the nature of filtration - that will provide strength and stability. A 
completely self-supporting electrospun fibrous filter media is yet to be achieved.  
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To bring this to reality, a fundamental understanding of how to control the formation, 
shape, texture and morphology of these electrospun fibrous membranes is essential. 
Determining the link between electrospinning parameters and electrospun fiber 
morphology will allow for the design of polymeric fibers to meet specific filtration 
application needs. The available surface on the fibers must also be manipulated to 
introduce the necessary surface chemistry to aid separation.  
 
Furthermore, to realize the potential of electrospun fibers in liquid separation 
technology an in depth knowledge is needed to evaluate its properties in relation to 
separation technology. The structure of the filter influences the separation and 
permeation mechanism. Characterization methodology and evaluation must be 
developed to relate structural properties to separation properties and performance. It is 
in this light that the proposal is made. 
 
1.6 Objective of Study 
The objective of the study is to: 
Understand and relate the architecture of electrospun nanofibrous media to filter 
performance and application in separation technology 
 
This will be achieved based on the following approach:  
 Selecting suitable polymeric material for electrospinning with intended use in 
separation technology 
 Characterization of electrospun media to evaluate its properties and 
performance; to identify process parameter-structure-performance relationship 
Chapter 1: Introduction 
7 
 Identifying potential separation applications and their prerequisites 
 Evaluation of applications proposed through case-studies  
 
1.7 Significance 
The significance of this study is two fold. Firstly, electrospinning will introduce a viable 
method of filter synthesis in the field of separation technology. A systematic study on 
electrospun media will enable better understanding by co-relating the process 
parameters of electrospinning and the morphology of the resulting fibrous mat to filter 
performance.  With this understanding, one will be able to pin-point favorable 
separation application beyond air filtration, and particularly in liquid filtration, for 
electrospun media as well as in the prediction of filter performance for a given 
application. 
 
Secondly, the ability to engineer a high surface area filter with good transport properties 
holds tremendous promise in separation technology. The ability to manipulate the 




A review of the electrospinning process and the potential uses of nanofibers are 
presented in Chapter 2. This also forms the motivation for the present study and it is 
acknowledged within. Chapter 3 explores potential materials that could be used for this 
study and the rationale for selecting one polymer moving forward.  Having selected the 
right material, Chapter 4 explores the means of developing the desired architecture 
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needed for this study and the influence of the electrospinning process parameters on 
the resulting fiber architecture. The appropriate characterization techniques needed to 
evaluate the developed electrospun filter media is explored in Chapter 5.  With the 
established methods, Chapter 6 correlates the electrospun architecture to membrane 
properties.  
 
With the information gathered from the preceding chapters, Chapters 7, 8, 9, 10, 11 and 
12 explore the potential avenues of use of electrospun membranes, supported by 
separation case-studies.   






Electrospinning is a rather ‘old’ technology that was formalized into a process as early as 
1934 by Formhals [6]. It is similar to the electrospraying process (Figure 2.1) of low 
viscosity liquids used in many industries to obtain aerosols composed of sub-micron 
drops with narrow distributions. However, it did not gain significant industrial 
importance due to poor understanding and control of the process. It took another 30 
years and the pivotal works of Taylor [12-14] to spark interest into this field again.  
 
In the subsequent sections, all discussions will be based on electrospinning from 
polymer solutions rather than melt. This is a more favored approach as it is not hindered 
by complex temperature profiles and is more convenient, economical and applicable to 
a larger range of polymers. As a result, extensive research has been carried out using 




Figure 2.1: Schematic diagram of the electrospinning and electrospraying processes [15] 
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2.2 Principles of electrospinning 
Although a simplified definition of electrospinning was given in the previous chapter, it 
should be emphasized that knowledge in polymer science, applied physics, fluid 
mechanics, electrical, mechanical, chemical, material engineering and rheology are 
critical to fully understand this process. All of these are essential to comprehend                                                                                                                                                                                                                                                                                                                                 
the three stages of electrospinning [16]: 
1. Jet initiation and extension of the jet along a straight line 
2. Growth of a bending instability and further elongation of the jet 
3. Solidification of the jet into fibers 
 
2.2.1 Jet initiation 
The precursor for electrospinning is a pendant drop of polymer solution. This droplet is 
suspended at the tip of a capillary tube and is supported by surface tension forces. The 
polymer solution is subjected to an electric field, which induces a charge on the surface 
of the liquid. Mutual charge repulsion causes a force directly opposite to the supporting 
surface tension. As the field strength is increased, the hemispherical surface of the 
droplet elongates to form a conical shape. Based on his pioneering theoretical study on 
inviscid fluids, Taylor [12] had demonstrated that the conical interface, with a semi-angle 
close to 49.3°, was the limiting stable shape in an electric field. This shape thus became 
known as a Taylor cone.  
 
Not surprisingly, renewed interest in electrospinning has prompted the Taylor cone 
angle to be independently verified and challenged by several researchers. As anticipated, 
Taylor’s angle of 49.3° determined for inviscid fluids was contested as polymers are not 
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inviscid fluids. In most recent years the greatest deviation was proposed by Yarin et al 
[17], at an angle of 33.5°. Regardless of the critical angle, the shape is still known as a 
Taylor cone. 
 
Further increasing the electric field, a critical value is attained at which the repulsive 
electrostatic force overcomes the surface tension and viscoelastic forces and a charged 
jet of fluid is ejected from the tip of the Taylor cone. After a jet is ejected, the conical 
protrusion relaxes to a rounded shape and reaches a steady shape in a few milliseconds 
[16]. The shape is maintained by a steady flow rate of polymer solution. The elongation 
of the droplet, ejection and relaxation had been documented and observed with the 




Figure 2.2: Development of Taylor cone, jet ejection and relaxation captured by Fong & Reneker [16] 
 
2.2.2 Bending instability and elongation 
After jet initiation, the jet travels in a straight path, a certain distance from the apex of 
the cone. This path is limited when an electrically driven bending instability sets in at the 
bottom end of the straight segment, beginning a sequence of unstable bending with 
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growing amplitude. The jet follows a bending, winding, spiraling and looping path in 
three dimensions, with the jet in each loop growing longer and thinner (stretching) as 
the loop diameter and circumference increases. This is not a one-time process but a 
repeating cycle. An interval later, segments of the loop will suddenly develop a new 
bending instability, similar to, but at a much smaller scale than before. This cycle will be 
repeated, with diminishing scale, as long as the charge on the jet has sufficient force to 
overcome the surface tension and viscoelastic forces. The uniqueness of this process as 
compared to mechanical drawing is that bending allows for very large elongation to 
occur in a small region of space. The extensive experimental and theoretical works done 
by Yarin [17], Reneker and co-workers [18] have estimated the draw ratio as high as 
60,000 from their experiments.  It is due to this phenomenon that submicron/nano 
fibers can be achieved. 
 
The mechanism by which such drastic diameter reduction achieved remains a subject of 
debate. Before high-speed cameras were employed to study the bending instability, the 
general hypothesis revolved around the concept of ‘splaying’. As the jet elongates, and 
diameter decreases, the surface charge density increases. The hypothesis suggests that 
an electrostatic instability, arising from mutual charge repulsion, leads to the break-up 
of the main filament (jet) into many smaller filaments, which has been termed ‘splaying’ 
[19]. This process may be repeated several times to create many smaller jets which dry 
rapidly to form fibers with very small diameter. This complex phenomenon is affected by 
surface charge, electric field strength, interfacial tension between air and jet, surface 
tension and viscous air drag [20].  
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The notion that splaying is the main mechanism for high drawing ratio has been greatly 
disputed by many recent works using very high speed cameras to capture instabilities 
[17]. What was thought to be splaying actually turned out to be considerable bending 
and spiraling, ‘whipping’ motion as captured by these cameras (Figure 2.3a). Extensive 
elongation of the jet was observed to be taking place through this motion. 
 
Nevertheless the author believes that it will be unwise to ignore splaying in developing 
models for jet elongation, even though almost all researchers, with the exception for a 
very small number, do not capture any splaying (Figure 2.3b) in the electrospinning 
process. The reason they fail to capture could be that for splaying to occur, a very high 
charge density needs to be attained. For such a criterion to set in, the jet must be 
substantially thin. At this stage the high speed cameras utilized may not be able to 
capture that image.  
 





Figure 2.3: Bending instability leading to (a) spiraling and elongation of jet; (b) splaying of jet (region 
circled) due to high repulsion forces [17] 
 
2.2.3 Solidification of the jet into nanofibers 
As the jet elongates and thins down, the solvent is continuously being evaporated. The 
repulsive forces between the charges carried with the jet causes every segment of the 
a b 
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jet to lengthen continuously along a changing path until the jet solidifies. The elongation 
viscosity increases as solvent evaporates and eventually the elongation ceases. Details of 
the evolution of the solidification process remain to be investigated. Most effort has 
been employed in understanding the developing models for the first two stages of the 
electrospinning process. 
 
Yarin [17] made the first attempt to derive a quasi-one-dimensional equation to describe 
the mass decrease and volume variation of the fluid jet due to evaporation and 
solidification. This was based on the assumption no splaying occurs. Though it is a good 
attempt, it is very much incomplete and empirical in nature as it overlooks the influence 
of other parameters that will definitely affect the solidification rate and is solely based 
on experimental observations. 
 
2.3 Process Parameter – Fiber Morphology Interactions 
From the preceding section, it can be deduced that electrospinning is affected by a wide 
range of parameters namely solution properties, controlled variables and ambient 
parameters [20]. Solution parameters will include properties such as viscosity 
(concentration), conductivity and surface tension; controlled parameters will include 
hydrostatic pressure in capillary, feed rate, electric potential at the tip and distance 
between the tip and the collector. Ambient parameters on the other hand, will include 
temperature, humidity and air velocity in the electrospinning chamber.  A complete 
understanding of all factors and the interactions between them is yet to be achieved.  
However, in the following section a few key process parameters that are known to have 
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significant impact on the fiber morphology will be discussed. These parameters are: 
concentration, electric field and charge density. 
 
To date more than 40 different polymers have been electrospun [21] and growing. 
However, studies show that the electrospinning parameters for each polymer system 
vary with one another. This emphasizes the need to optimize the process for each 
chosen polymer system. Nevertheless, there is a general pattern in the interactions of 
process parameters and fiber morphology.  Most of the interactions have been observed 
from the electrospinning of PEO fibers as well as other bioresorbable polymer like PDLA 
and PLLA, by many researchers. Their efforts have been summarized below to address 
the important relationship. 
 
2.3.1 Concentration effect 
Drastic morphological changes were observed when the concentration of the polymer 
solution was changed. As long as no splaying is involved, concentration, or the 
corresponding viscosity, was one of the most significant parameters influencing the fiber 
diameter. Although the concentration range that can produce fibers will obviously vary 
depending on the polymer/solvent system used, the forces of viscosity and surface 
tension will determine the upper and lower boundaries of the processing window, 
provided all other variables are held constant [15]. 
 
At concentration below the lower limit, the viscosity is too low to form a stable jet; 
capillary break-up of jet by surface tension occurs. Hence instead of fibers, droplets 
(beads) of polymer are formed (Figure 2.5a). When concentration, hence viscosity, was 
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slowly increased, the jets between the droplets formed nanofibers  (Figure 2.5b) and the 
contraction of the radius of the jet, which was driven by surface tension, caused the 
remaining solution to form beads [19]. Increasing the viscosity, the average distance 
between the beads increased, bead diameter grew and they changed from a spherical to 
a spindle like shape. 
 
At the lower concentration limit, fibers almost free from beads start to form. However at 
this lower concentration, electrospun fibers are harder to dry before they collect at the 
grounded plated. This was deduced by the presence of junctions and bundles in the 
mass of fibers collected (Figure 2.4). No longer strained by the electric field, when they 
reach the grounded plate, the fibers undergo a solidification process as a result of the 
surface tension and viscoelastic process controlled by the viscoelastic property of the 




Figure 2.4: Presence of interconnecting structures in electrospun nanofibers [22]  
 
As the concentration is further increased, the amount of solvent present in the polymer 
solution decreases. Hence the electrospun fibers are mostly dried by the time they are 
collected. Furthermore, since the surface tension of the solution is less at higher 
concentration, the deformation forces in the solidification process can be greatly 
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reduced and uniform fibers formed [22].At concentrations beyond the upper limit, the 
droplet dries out even before a constant jet can be formed; no fibers are formed. This 
progression in morphology with increasing concentration is shown in Figure 2.5. 
 
 
Figure 2.5: Morphological changes of electrospun nanofibers with increasing polymer concentration 
solutions. Electric field and distance to collector remain constant [23]. 
 
2.3.2 Electric field effect 
The electric field (voltage) has a pronounced effect on the shape of the initial polymer 
droplet. The change in the shape of the liquid surface reflects a change in the mass 
balance that occurs at the capillary tip. Increasing the voltage causes the rate at which 
the solution is removed from the tip to exceed the rate of delivery of solution to the tip 
to maintain the conical shape of the surface [24]. This will affect the resulting fiber 
morphology.  
 
Increasing the electric field favors the formation of a Taylor cone and at a critical voltage, 
a charged jet ejected. This is also the critical voltage at which electrospinning of the 
fibers begins to be possible. When the field is increased further, the jet velocity will also 
increase concurrently; hence the solution is removed from the tip rapidly. As the volume 
13 centipoises 289 centipoises 74 centipoises 1250 centipoises 
(Increasing viscosity/concentration) 
a b d c 
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of the droplet decreases, the Taylor cone shape oscillates and become asymmetrical. 
Under these conditions, beaded fibers are prone to form. 
 
Increasing the voltage even further, the jet velocity becomes so high that the pendent 
droplet disappeared almost completely and the jet initiated directly from the tip or 
within the tube. The resulting morphology (Figure 2.6) exhibits a larger average fiber 
diameter. Also with increasing voltage, the shape of beads present changed from 
spindle-like to spherical in nature [22].  
 
  
Figure 2.6: Electric field effect on microstructures of the electrospun PDLA fibers at (A) 20 kV; (B) 25 kV 
and (C) 30 kV (concentration and feeding rate are constant)[22]. 
 
Attempts have also been made to correlate the voltage to the spinning current by 
Dietzel et al [15]. In their study, the change in electrospun fiber morphology was seen to 
correspond to the observed changes in the slope of the electrospinning current as a 
function of voltage.  
 
2.3.3 Charge Density 
Increasing the charge density of the solution will impose higher elongation forces onto 
the jet under the applied electric field. It is known that the overall tension in fibers 
depends on the self-repulsion of excess charges on the jet. Thus as the charge density 
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increases, the beads become smaller and more spindle like. The diameter of the final 
fibers also becomes substantially smaller. Increased charges also results in greater 
bending instability which also favor the formation of finer fibers since the jet path is now 
increased [25]  
 
One approach of increasing the charge density is through the addition of salt, which 
induces a higher charge density on the surface of the solution jet, resulting in more 
charges being carried by the ejected jet during electrospinning. As the conductivity of 
the solution increases, the critical voltage for electrospinning to occur is also reduced 
[26].  
 
It must be noted that different salts have different effects on final fiber diameter (Figure 
2.7). Ions with smaller atomic radius have a higher charge density and a higher mobility 
under electric field. This result in higher elongation forces being impose and thus smaller 
average diameter [22]. However, the addition of ionic salt may cause an increase in the 
viscosity of the solution. Thus although the conductivity of the solution is improved, the 
viscoelastic force is stronger than the columbic force resulting in an increased in the 
fiber diameter instead [27]. 
 
 
   
 
 
Figure 2.7: Morphological changes in electrospun PDLA fibers using different ions (concentration, voltage 
and flow rate held constant): (A) KH2PO4; (B) NaH2PO4 and (C) NaCl. [22] 
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Besides the processing parameters discussed above, the rest of the parameters also do 
affect the morphology and production of electrospun nanofibers. However the effect is 
not as pronounced or extensive research has not been carried out on the remaining 
parameters. Nevertheless they should not and cannot be overlooked during 
electrospinning. 
 
2.4 Motivation I 
in reviewing the literature, it is evident that almost all process parameter study focused 
on influence on individual fiber diameter and morphology. With the exception of air 
filters, little is known about electrospun fibrous mat’s performance as a separation unit. 
 
In filtration, knowledge of porosity, pore-size, its distribution, wettability 
(hydrophobicity / hydrophilicity), pressure drop across the filter, flux permeability all 
play a pivotal role in identifying the suitability of the filter for its application in 
separation. It is thus important to develop a framework to relate process parameters to 
these characteristics. To be able to identify such applications, it is paramount to study 
fiber morphology and resulting non-woven mat to filter performance. This study aims to 
study the effect of electrospun architecture in filter performance.  
 
2.5 Attractiveness of Electrospun Nanofibrous Media 
The attractiveness of nanofibers stems from the promise nano-scaled structures hold. 
Past research in the field of polymeric micron-fibers had highlighted very unique and 
remarkable fiber properties such as ultra-violet resistance, electrical conductivity and 
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biodegradability, as compared to the material’s bulk properties. It is envisioned that 
further reducing the fiber diameter in the sub-micron or nano scale greater benefit can 
be gained through increase in surface area to volume ratio, decrease in pore size, a drop 
in structural defects, and superior mechanical characteristics. This has been the catalyst 
for immense research to begin on nanofibers and electrospinning. Since the late 1990s 
electrospun nanofibers have gained great interest as scaffolds for tissue engineering, 
sensors, protective clothing and membranes/ filters to name a few.  
 
2.5.1 Electrospun nanofibers in Tissue Engineering  
Polymeric nanofibers have similar structure with several biological materials. For 
instance, electrospun nanofibers can resemble nano-scaled nonwoven fibrous 
extracellular matrix (ECM) proteins in structure. Thus they have huge potential as 
wonderful candidate for ECM-mimic materials [28]. In recent years, the ease of polymer 
nanofiber fabrication using electrospinning began to stimulate more and more 
researchers to explore the application of nanofiber matrix as tissue engineering scaffold 
[29-32]. Drugs, growth factors and genes can be directly mixed into the polymer solution 
and electrospun to prepare drug carriers with controlled release properties [28, 33]. 
  
2.5.2 Electrospun nanofibers in Sensors 
Due to its unique properties like high surface area and acoustic/viscoelastic properties 
electrospun nanofiber is also receiving great research interests for sensor application 
[34-40]. High surface area is one of the most desired parameters for the sensitivity of 
conductimetric sensor film. The operating principle of these devices is associated 
primarily with the adsorption of the gas molecules on the surface of semiconducting 
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oxides inducing electric charge transport between the two materials that changes the 
resistance of the oxide. To use nanofibers as conductimetric sensor, it should be 
functionalized with metal oxide semiconductors. Gouma et al produced MoO3-
containning PEO nanofibers by electrospinning a mixture of MoO3 sol-gel and PEO 
solution [40]. Gas sensing test results showed that the nanoscaled metal oxide fiber 
offered high sensitivity and fast response to the harmful chemical gases. Drew et al [37] 
coated SnO2 and TiO2 on polyacrylonitrile (PAN) nanofibers using a “liquid-phase 
deposition” technique. The coatings were thin enough to maintain the nanofibrous 
morphology, thereby retaining the large surface area of the electrospun membrane. 
Such metal oxide-coated nanofibrous membranes are expected to provide unusual and 
highly reactive surfaces for improved sensing, catalysis and photoelectric conversion 
applications.  
 
2.5.3 Electrospun nanofibers in Protective Clothing 
Current material system for protective cloth usually adopts a multilayer composite 
structure, comprising of an activated carbon-based chemical vapor filtration media, a 
non-woven or woven fabric and a cover top layer. An optimal protective cloth should be 
able to prevent infiltration of aerosols (e.g. chemical/biochemical agent micro-droplets, 
bacteria, virus, radioactive dusts, etc) and at the same time must be highly permeable to 
the air and water vapor to improve wearer comfort. Nonwoven polymeric nanofibers 
are a natural fit for this application due to its enormous surface area and micro-scale 
pore size. By physical absorption and exclusion, the nanofiber mat can provide an 
impermeable barrier to toxic chemical agents and is light-weight with remarkable 
breathing properties [41, 42]. Likewise polymeric nanofibers can also be used as a carrier 
Chapter 2: Literature 
23 
for active chemistry that may allow for improvements in chemical protective properties. 
Graham et al [43] mixed polyoxometallate, a catalyst for the oxidative degradation of 
sulfur mustard (a chemical weapon agent) with the polyurethane (PU) solution and 
electrospun the mixture into nanofibers. The capability of the catalyst in the electrospun 
nanofiber was found to be even higher than the catalyst alone. 
 
2.5.4 Nanofibers in Separation Technology. 
As mentioned in Chapter 1, nanofibers have been successfully commercialized for air 
filtration and used in such applications for over twenty years and are not further 
explored within this section. The attention is instead focused on emerging technologies 
in liquid systems. 
 
At the onset of the author’s research, there was little or no literature on the use of 
nanofibers in other areas of separation besides air filtration.  However, by the end of the 
author’s research, it is heartening to see a growing interest in nanofibers in liquid 
separation.  All of the recent publications, omitting the author’s contribution, are based 
on developing composite filters containing nanofibers. This approach is similar to the 
design of air filters that incorporate nanofibers and are summarized below.  
 
Study has shown that composite filters of glass fibers and polymer nanofibers showed 
improved coalescence efficiency over glass fiber media. A small addition of nanofibers 
led to an increase in the capture efficiency of the filter media but in return resulted in an 
increase in pressure drop [44]. There exist an optimum amount of nanofibers to be 
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added to the coalescence filter media, which balances the desired improvement in 
coalescence efficiency and the undesirable increase in the pressure drop [45]. 
A three-tier approach to fabricate high flux and low fouling ultrafiltration membranes 
have been attempted [46]. . Polyacrylonitrile nanofibrous layer was supported on the 
nonwoven microfibrous substrate and a water permeable coating of chitosan was used 
over the nanofibrous layer. Although not yet fully optimized, the media exhibited a flux 
rate that is an order of magnitude higher than commercial phase-inverted nanofiltration 
(NF) membranes in 24 h of operation, while maintaining the same rejection efficiency of 
99.9% for oily waste-water filtration [46]. Similar approaches have been taken to 
develop such three tier nanofibrous media [47 48].  
 
It has also been demonstrated that through modification technique, an electrospun filter 
showed high antimicrobial activity and it is worth mentioning that no growth of 
microorganisms was noticed on these fibers [49].This is highly beneficial because a 
fibrous filter media that is infected with harmful organism could decrease the usage of 
the filter and might leach out to the feed stream. Likewise, oligosaccharide 
functionalized nanofibrous membrane were able to capture phenolphthalein molecules 
effectively and this shows that the membranes may have the ability to capture similar 
small organic waste molecules present in water [50].  
 
A study had been presented on the potential of an electrostatically-spun poly(ether-
urethane-urea) to act as an affinity separation membrane, via chemical modification [51]. 
A variety of chemical methods has been used for functionalising and activating the 
membrane surfaces. Assessments of the capacities of the activated membranes for 
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covalent coupling of protein A and human immunoglobulin G have given very 
encouraging data, 4mg/g for protein A and 4mg/g for bounded IgG, respectively. 
2.6 Motivation II 
Although nanofibers have been commercialized for air filtration and more than two 
decades have past, nanofibrous filter have yet to make similar breakthrough in other 
avenues of separation, especially in pressure-driven liquid separations as pre-filters, 
micro- (MF), ultra-(UF) or nano-(NF) membranes.  
 
The primary stigma associated with electrospun nanofibers is that it is difficult to handle 
as it usually accumulates electrostatic charges during the electrospinning process and it 
is ‘weak’ as a membrane filter on its own. As the fiber size decrease, the filter media 
becomes a high retentive surface filter with limited loading capacity, reduced flow rate 
and increased pressure. There seems to be an unbreakable linkage between increasing 
pressure drop and lower flow rates as gains are made in retention. Thus, today much of 
the applications of electrospun nanofibers separation technology are based on hybrid 
systems as described in Section 2.5.4.  
 
When dealing with a new class of filter, there is a need to understand the structures that 
can be created through the processing. This determines the type of structure and thus 
the avenue of use. The important question to address is how can we utilize the high 
surface area of nanofibers for liquid filtration applications without compromising the 
pressure drop and loading capacity? Can nanofibrous media compete with current 
membranes utilized in MF, UF, NF or RO processes? Can a self-supporting electrospun 
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membrane be made with a role in separation technology? This study is focused on 
understanding the feasibility/shortcoming of electrospun nanofibrous membrane (ENM).  
 
The aim of this thesis is to explore new avenues of use for ENMs in liquid separation. 
This is a huge undertaking and the objective of this research is not to develop a full 
membrane and describe all the working principles and develop models for each. Instead, 
the aim is to highlight potential uses of ENMs with the sincerest desire that this will 
propel more interest from membrane scientists to advance the theory of these materials 
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Chapter 3 
Material selection and Electrospinning 
 
3.1 Material Requirement 
When it comes to filtration, the nature of the solution/substance being filtered or 
retained plays a pivotal role in material selection. Materials selected should exhibit good 
chemical resistance, mechanical stability, thermal stability, high permeability, and high 
selectivity in its intended application. Depending on the application, filters can be made 
from metals, ceramics and polymer. Of these, by far the most versatile group of 
materials for filter synthesis is polymers. Polymers can be tailored to meet specific 
requirements but the chemical and physical properties differ so much that only few have 
achieved commercial status and yet fewer have obtained regulatory approval for use in 
food, pharmaceutical and related industries 
 
The choice of a given polymer as a membrane material is not arbitrary but based on very 
specific properties, originating from structural factors. Resistance to change of the 
material, either in chemical or in physical structure, is an important criterion for the 
choice of the membrane filter material. However, since membrane separation includes 
interface interaction between the phase that is being separated and the membrane filter, 
it is important to understand the influence of a material’s intrinsic properties to the 
separation mechanism. Hence, surface chemistry and structure cannot be ignored. For 
instance, in the case of membrane filters for bioseparations, it is necessary to possess 
reactive groups such as amines (–NH2), carboxylic (-COOH) or hydroxyl (-OH). This will 
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enable the immobilization of any form of peptide or ligand onto the surface.  For liquid 
separations, especially in waste water treatment, hydrophilic materials are preferred as 
they have a lower tendency to be fouled by organic contaminants. Although hydrophilic 
polymers, such as cellulose derivatives, are the preferred choice, hydrophilic materials 
have limitations in terms of chemical stability. Hydrophobic polymers, such as 
Polyvinylidene Fluoride (PVDF) and Polytetrafluoroethylene (PTFE), have excellent 
chemical and thermal stability but have higher adsorption tendencies. The adsorption of 
solutes has a negative influence on the flux because the adsorbed layer presents an 
extra resistance towards mass transfer and consequently contributes to a decline in flux. 
 
All of the above highlight that, like in many situations, there is always a trade-off. The 
choice of a polymer is depended on which feature one is looking to enhance or willing to 
compromise. For instance, when the environment is highly acidic, material selection is 
limited to more chemically stable materials like hydrophobic polymers. Although 
hydrophobic polymers have a tendency to be fouled, one can manipulate the surface 
chemistry to reduce this tendency.   
  
As this study is at its infancy and exploring potential applications of ENMs in separation, 
some common polymers with a known history of use in membrane science were chosen.  
The target application areas will be in liquid separations – in bioseprations as well as 
waster water treatment. Each of these polymers were evaluated on their merit and 
suitability to create a variety of electrospun architecture that can provide a basis for 
subsequent investigation.  
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3.2 Materials 
3.2.1 Poly(methyl methacrylate-co-methacrylic acid) (PMMA-co-MAA) solution 
Poly(methyl methacrylate-co-methacrylic acid), PMMA-co-MAA, was purchased from 
Sigma Aldrich (Singapore). The molecular structure is shown in Figure 3.1. The as-
received polymer had an average molecular weight (Mw) of 34,000 g/mol and a number 
average molecular weight (Mn) of 15,000 g/mol, determined by gel permeation 
chromatography.  These values were obtained directly from the materials certificate of 
analysis, supplied by Sigma Aldrich.  
 
Analytical grade solvents, Dimethylformamide (DMF) and Chloroform were obtained 
from Sigma Aldrich. A solvent mixture of 30% DMF and 70% Chloroform was used to 
dissolve PMMA-co-MAA to obtain various concentrations for electrospinning.  
 
 
Figure 3.1:  Molecular Structure of PMMA-co-MAA 
 
3.2.2 Polyethylene Terephthalate solution 
Polyethylene terephthalate (PET) was kindly donated by Mitsui Chemicals ,Inc (Japan).  
Trifluoroacetic acid (TFA), from Merck, was used to dissolve PET to obtain various 
concentrations for electrospinning. The molecular structure is shown in Figure 3.2 
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Figure 3.2:  Molecular Structure of PET 
 
3.2.2 Polysulfone solution 
Polysulfone (Mn 26000) was obtained from Aldrich, USA. The molecular structure is 
shown in Figure 3.3. Three different solvents, dichloromethane (DCM), DMF and 
Pyridine were used to prepare PSU solutions. All solvents were obtained from Sigma-








A simple setup, as shown in Figure 3.4, was used to evaluate the feasibility of generating 
nanofibers from the prepared solutions.  
--- O – (CH2)2 – O – C –             – C ---  
O  O  
n 




Figure 3.4: Electrospinning set-up 
 
A syringe pump (Fisher Scientific, USA) was utilized to supply a constant flow of polymer 
solution during electrospinning. High voltage (Gamma High Voltage Research Inc., USA) 
was applied to draw nanofibers from the prepared solution. The fibers were collected on 
a grounded 10 cm square Aluminum plate. 
 
3.3.2 Nanofiber Characterization  
The morphology of the electrospun fibers was observed using a field-emission scanning 
electron microscope (FESEM) (Quanta 200F, FEI, USA) and the diameter of the 
nanofibers were determined from the FESEM image using the ImageJ software 
(http://rsb.info.nih.gov/ij/). 
 
3.4 Results and Discussion 
3.4.1 PMMA-co-MAA nanofibers 
Polymethyl-methacrylate (PMMA) is a common material used in bioseparations as 
microspheres. They have very high adsorptive surfaces and can be functionalised with 
ligands for affinity separation. For immobilizing ligands onto a surface, it is most 
T-C 
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advantageous to have either a –NH2 of –COOH functional group. Thus it was anticipated 
that electrospinning the copolymer PMMA-co-MAA, which possesses a –COOH 
functional group on its side chain (Figure 3.1) will make it a good candidate for affinity 
separations. To test if the functional group is exposed to the surface, a film was 
prepared and contact angle test carried out. Although it had a smaller contact angle 
(68°) as compared to PMMA (85°), the film was extremely brittle and difficult to handle, 









Figure 3.5:  Static Advancing angle of (a) PMMA-co-MAA compared to (b) PMMA 
 
The co-polymer could be easily electrospun using a solvent mixture even at relatively 
low concentration of 10% w/v. However, when the copolymer was electrospun (Figure 
3.6), it was even more evidently brittle that it disintegrated in water.  
 
One possible explanation to this would be the material’s Tg. The copolymer has a Tg of 
approximately 105 °C. The homopolymer (PMMA) has a Tg of only 50-60 °C. This 
difference could be due to the presence of a higher degree of H-bonding in the material. 
Hence this alleviates the Tg, making the material more brittle.  
 
Contact angle ≈ 85 º 
(b) 
Contact angle ≈ 68 º 
(a) 




Figure 3.6: PMMA-co-MAA: Electrospinning conditions and micrograph (mag 50x) 
 
 
3.4.2 PET nanofibers 
Polyethylene Terephthalate (PET) exhibits excellent mechanical, electrical and thermal 
properties with very good chemical resistance and dimensional stability. The main uses 
of PET microfibers include apparel, home textiles and nonwovens to name a few. 
Unfortunately, they are relatively difficult to process. They are also a relatively 
hydrophobic material. This material was considered in particular due to its ability to 
withstand the stringent sterilization conditions needed for some biological separations. 
 
Electrospinning PET proved to be a challenge. From preliminary results obtained, two 
limiting factors were identified with regards to the spinnability of PET nanofibers. The 
first is solvent. Due to its good chemical resistance the choice of solvent for use is 
extremely limited. The solvent used was TFA, as stated in the MSDS for PET. The second 
limiting factor identified was the humidity. For PET, spinning was only possible at 
humidity levels below that of 45%. This is due to the nature of the solvent used. At 
higher humidity levels, beads were observed. The spinning conditions and the resulting 
morphology are summarized in Table 3.1. Figure 3.7 represents the morphology 
obtained using the conditions reflected in Experiment 6. 
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Table 3.1: Electrospinning Conditions tested for PET 
Spinning Conditions Expt.1 Expt.2 Expt.3 Expt.4 Expt.5 Expt.6 
Solvent TFA 
Concentration (w/v) 0.2 0.25 0.25 0.2 0.2 0.2 
Voltage (kV) 15 10 




Feed Rate (ml/hr) 0.5 0.5 0.5 0.5 0.2 0.2 










Fiber Diameter (nm) - - 
800-
1500 




Figure 3.7: SEM micrograph of PET nanofibers obtained using conditions of Expt.6 
 
3.4.3 PSU nanofibers 
Polysulfone (PSU) is a widely used membrane material in MF and UF processes, as they 
are rigid and tough thermoplastics with Tg temperatures of 180-250
0C. Chain rigidity is 
derived from the relatively inflexible and immobile phenyl sulphone groups, and 
toughness from the connecting ether oxygen. They have excellent high temperature 
properties and chemical inertness. The ability to retain mechanical properties in hot and 
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wet environments is the key to their usage in wide variety of applications which requires 
sterilization/cleaning at high temperatures. However, being hydrophobic, they interact 
strongly with a variety of solutes thus prone to fouling in comparison to more 
hydrophilic polymers like cellulose. 
 
Electrospinning PSU in DCM, Pyridine and DMF was attempted and all solutions were 
easily electrospun (Figure 3.8).  Furthermore, several surface modification techniques, 
such as grafting, that can be employed to introduce hydrophilic groups onto its surface if 




Figure 3.8: Electrospun PSU using (a) DMF, (b) Pyridine and (c) DCM  as solvent. Concentration (20w%), 
Voltage (12kV), Feedrate (1ml/hr),  T-C distance (15cm) were constant . 
 
3.5 Conclusion 
Three potential materials were evaluated for their suitability as electrospun filter 
membranes.  Although structurally PMMA-co-MAA was ideal for biological applications, 
the resulting electrospun nanofibers were found to be too brittle. A good structurally 
intact fibrous mat was hard to achieve. Hence it was concluded that the co-polymer was 
not a good material for membranes. 
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With the PET system, obtaining nanofibers proved to be a challenge and was greatly 
hindered by the lack of solubility in a variety of solvents and humidity. With such 
limitation, it was not feasible to produce various morphologies needed for this study 
using PET. 
 
Of the three materials, PSU was the easiest to electrospin and it was soluble in a variety 
of solvents. The relative ease of electrospinning and the potential to modify the surface 
(if necessary) makes PSU as ideal material system. Thus, for this research, PSU was 
selected as the material system. All subsequent studies within this thesis were 
conducted on a PSU-based system.
Chapter 4: Electrospun Fiber Architecture 
37 
Chapter 4 
Influence of Process Parameter on electrospun PSU Fiber Architecture 
 
4.1 Electrospinning of PSU 
It was found that PSU was readily soluble in several solvents. This makes PSU an ideal 
material to generate a myriad of fiber architectures through electrospinning. Utilizing 
the set-up in Figure 3.4, the following parameters can be readily varied: (1) Voltage 
applied, (2) Solution Flow rate, (3) Tip-Collector (T-C) distance and (4) Polymer solution. 
 
The intention of this research was to determine the influence of electrospun 
architecture on membrane performance. In electrospinning, the voltage applied, 
solution flow rate and polymer solution affect the type of fiber produced. Of all the 
parameters listed above, polymer solution has the greatest influence on the fiber 
morphology and thus was varied to generate different architecture. There are two main 
factors that affect the polymer solution: (1) solution concentration and (2) solvent used.  
In this study, both parameters were varied to study their influence on the PSU fiber 
architecture. 
 
4.2 Materials and Method 
4.2.1 Materials 
Polysulfone (Mn: 26,000) was purchased from Sigma Aldrich (Singapore). 
Dichloromethane (DCM), Pyridine and N,N-Dimethylforamide (DMF) were selected as 
solvents for this study. All solvents were obtained from Sigma Aldrich (Singapore) and of 
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analytical grade. The electrical conductivities of the solvents were measured using a 
conductivity meter (ES-12, Horiba), with Titanium electrodes. The properties of the 
solvents are summarized in Table 4.1. 
 
All solvents were dried using molecular sieves 2 days prior to use in dissolving PSU. To 
obtain a homogenous solution, the solution was left overnight on a magnetic stirrer 
plate. Polysulfone of different concentrations, ranging from 10-20% w/v were prepared 
with each solvent.  
 





















(at 22.6 °C) 




(at 22.4 °C ) 
36.7 0.92 0.492 37.1 
Pyridine 
12.17 
(at 22.8 °C) 
12.5  0.95 2.0 38.0 
*Values obtained from measurements made within the laboratory. All other values were taken from Data 
sheet supplied by Sigma-Aldrich. 
 
4.2.2 Electrospinning  
The polymer solution was placed into a 10ml syringe, with a spinneret diameter of 0.21 
mm. A syringe pump (Fisher Scientific, USA) was utilized to supply a constant flow of 
1ml/hr polymer solution during electrospinning. A voltage of 12kV (Gamma High Voltage 
Research Inc., USA) was applied to draw nanofibers from the prepared solution. The 
fibers were collected on a grounded 10 cm square Aluminium plate. The distance 
between the spinneret tip and the collector plate (T-C) was maintained at 15 cm. The 
humidity of the electrospinning chamber was maintained within 40-50 % using a 
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dehumidifier.  Table 4.2 summarizes the electrospinning conditions used in this study. 
After electrospinning, the nanofibers collected were stored overnight in a vacuum oven 
to ensure all the solvent was removed from the nanofibers prior to characterization. 
 
Table 4.2: Electrospinning Condition 
Parameter Setting 
Voltage 12 kV 
T-C distance 15 cm 
Flow Rate 1 ml/hr 
Humidity 40 -50 % 
Spinneret (bore) diameter 0.21 mm 
 
4.2.3 Electrospun fiber Characterization 
The resultant morphology of the electrospun fibers was observed using a field-emission 
scanning electron microscope (FESEM) (Quanta 200F, FEI, USA). The FESEM images 
captured were used to determine the diameter of the fibers using the ImageJ software 
(http://rsb.info.nih.gov/ij/). 
 
4.3 Results and Discussion 
4.3.1 Electrospinning PSU dissolved in DCM 
DCM was observed to be an excellent solvent for PSU. Polymer solutions of 10, 15 and 
20% w/v were prepared. All concentrations were easily electrospun. However, all 
yielded micron-sized fibers as seen in Table 4.3. Nevertheless, as anticipated, the fiber 
diameter increased with increasing concentration. In addition, all fibers observed under 
FESEM exhibited the same unique architecture regardless of the concentration: a 
smooth, flat, ribbon-like morphology (Figure 4.1) with pores on the surface (Figure 4.2). 
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The generated morphology is attributed to the use of DCM as solvent. During 
electrospinning, as the jet is accelerating towards the grounded plate, rapid evaporation 
of solvent takes place. In the case of DCM, with a high vapour pressure, this was more 
pronounced as it is a rather volatile solvent. This explains the larger fibers produced as 
solidification occurred before sufficient stretching (bending instability) took place to be 
able to reduce the fiber diameter. As a consequence of the solvent evaporating at a fast 
rate from within, the fiber ‘collapses’ giving rise to flat fibers observed at all 
concentrations. 
 
Table 4.3: Characteristics of fiber generated through PSU/DCM solution 
Solvent 
PSU Concentration     
(% w/v) 






Pits on surface 
1500 – 3100 
3300 – 6300 
6500 – 8400 
 
 
                   
 
Figure 4.1:  SEM micrograph of electrospun PSU fiber morphology generated using DCM as solvent  
 




Figure 4.2: SEM micrograph of electrospun PSU fiber surface highlighting the presence of pores (a) low 
magnification and (b) high magnification  
 
The surface of the fiber was covered with “nano-pores” (Figure 4.2). At first glance, 
these features look very similar to ‘breath figures’ formed on polymer films as described 
by Srinivasarao et al [52]. Breath figures are formed due to evaporative cooling brought 
about when a cold liquid surface comes in contact with moist air. Moisture then 
condenses on the cold surface to form water droplets that grow with time, giving rise to 
an ordered array of pores in the surface. However, on the electrospun PSU/DCM fibers, 
the pores are highly random. The order observed in ‘breath figure’ formation on 
polymer films was absent on the electrospun fiber. 
 
There are two plausible explanations for this difference. Firstly, unlike the situation 
described in [52], during electrospinning the polymer jet is accelerated towards the 
grounded plate at extremely high speed through a moist environment (humidity of 
approximately 50%). The motion of polymer jet in the presence of an electric field and 
the elongation that occurs simultaneously could have caused the randomness of the 
pores. Another possible cause for the pores on the fiber surface could be due to the 
solution becoming thermodynamically unstable as the solvent evaporates during the 
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spinning process. This mechanism – phase separation – is akin to the formation of pores 
on membranes, which is well established in membrane science. 
 
Both mechanisms mentioned above could be attributed to the presence of pores on the 
surface. At this stage it is hard to determine which mechanism is dominant or absent. 
 
4.3.2 Electrospinning PSU dissolved in Pyridine 
In an attempt to produce fine fibers, a high conducting solvent, Pyridine, was selected. 
However, PSU was less readily soluble in Pyridine. The presence of any moisture in 
Pyridine, greatly hindered the solubility of PSU, resulting in a ‘cloudy’ solution that tends 
to clog the spinneret. Thus, to dissolve PSU effectively, Pyridine was dried overnight 
before use.  Polymer solution of 10, 20 and 25% w/v,  were prepared and electrospun 
using the same conditions as Table 4.1.The morphology generated differed greatly from 
that seen with DCM system. 
 
At a concentration of 10% w/v, only beads were observed. As the concentration and 
thus the viscosity were low, instead of electrospinning, electrospraying occurred. More 
importantly, the beads have a unique architecture (Figure 4.3). One side of the bead 
appeared convoluted and the other side had a smoother surface with ‘pits’ on them. The 
reason for this difference is not fully understood. It is postulated that as the droplets left 
the spinneret, there seems to be differential phase separation or varying evaporation of 
solvent occurring across the bead. This difference could have resulted in the bead having 
2 distinct sides. Possibly the poor solubility of PSU in the presence of moisture was a 
contributing factor. 




Figure 4.3: SEM micrograph of electrospun 10% w/v PSU using Pyridine (a) low magnification and (b) high 
magnification 
 
As the concentration increased to 20% w/v, beaded fibers were observed (Figure 4.4). 
The beads formed along the fiber length were elongated, with a spindle-like appearance, 
and the same convoluted surface observed on the beads with 10% w/v. When there are 
large sized features formed, such as beads, time dependent phase separation must be 
taking place giving rise to the ‘wrinkled’ appearance. One possible explanation could be 
the rapid evaporation of the surface solvent as the jet is accelerating towards the 
grounded plate.  
 
     
 
Figure 4.4: SEM micrograph of electrospun 20% w/v PSU using Pyridine (a) low magnification and (b) high 
magnification 
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 Further increasing to 25% w/v, fibers free of beads were obtained. However, fibers 
were close to 1um (Table 4.4).  Again, the fibers were not smooth and had a ‘wrinkled’, 
microtextured surface (Figure 4.5). Even though a high conductivity solvent was used, 
the inability to dissolve PSU effectively hindered the formation of nano-scaled fibers. 
 
Table 4.4: Characteristics of fiber generated through PSU/Pyridine solution 
Solvent 
PSU Concentration   
(% w/v) 





10 :  
20 :  
25 : 
All Beads  
Beaded Fibers   
‘winkled’ fibers 
- 
250 – 400 
800 – 1000 
 
       
 
Figure 4.5: SEM micrograph of electrospun 25% w/v PSU using Pyridine (a) low magnification and (b) high 
magnification 
 
4.3.3 Electrospinning PSU dissolved in DMF 
The third solvent studied was DMF.  DMF has the highest dielectric constant of the three 
solvents.  Generally, a solution with a greater dielectric property reduces beads 
formation and the diameter of the fiber [26]. At concentrations of 10% (Figure 4.6) and 
15% w/v (Figure 4.7), beaded fibers were formed.  
 









Figure 4.7: SEM micrograph of electrospun 15% w/v PSU using Pyridine (a) low magnification and (b) high 
magnification 
 
As the concentration increased to 20% w/v, fibers without any beads were formed 
(Figure 4.8). These fibers were also predominately less than 500nm in diameter, except 
for a few fibers that were above 500nm but still less than 600nm (Table 4.5). In addition, 
all fibers and beads generated had a ‘rough’ surface appearance as shown in Figure 4.9, 
different from the morphology observed with DCM or Pyridine. 
 




Figure 4.8: SEM micrograph of electrospun 20% w/v PSU using DMF (a) low magnification and (b) high 
magnification 
 
Table 4.5: Fiber diameter generated through PSU/Pyridine solution 
Solvent 
PSU Concentration     
(% w/v) 





10: beaded fibers 
15: beaded fibers 
20: fibers 
100 – 200 
300 – 400 




Figure 4.9: SEM micrograph of the surface morphology of (a) beads and (b) fiber generated through 
PSU/DMF solution.  
 
4.3.4 Electrospinning with mixed solvents 
Each of the three solution systems presented above have their merits and drawbacks. 
Pyridine is a high conducting solvent but its poor solubility of PSU prevents one from 
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obtaining sufficiently fine fibers. DCM, on the other hand, is an excellent solvent but 
unable to produce nano-scaled fibers. DMF has the highest dielectric constant, which 
reduces the beads formation and the diameter of the resultant electrospun fiber. In an 
attempt to produce finer fibers, pyridine was added in various ratios to DCM and DMF 
and the resultant mixture was used to dissolve PSU for electrospinning.  
 
4.3.4.1 Electrospinning PSU dissolved in Pyridine + DCM  
DCM and Pyridine were mixed in a ratio of 90:10 and 70:30. The amount of DCM was 
higher than Pyridine as PSU has a better solubility in DCM. Using these mixtures PSU 
concentrations of 10%, 15% and 20% w/v were prepared and electrospun using the 
same spinning condition described in Table 4.2. 
 
When a solution of DCM/Pyridine of the ratio of 90:10 was used, the fibers changed 
from being ‘flat’ (when only DCM was used) to that of a ‘wrinkled’ more circular 
appearance (Figure 4.10) as the polymer concentration increased. All fibers had ‘pits’ on 
the surface and not pores as those seen with the PSU/DCM solution. Thus, the resulting 
fiber morphology was truly a mixture of the fiber morphology obtained with PSU/DCM 
and PSU/Pyridine solutions.  Compared to using just DCM as a solvent, the mixed solvent 
produced fibers that were significantly smaller in diameter (Table 4.6) at every polymer 
concentration. Thus pyridine was in fact imparting the solution with higher conductivity 
as expected. However the DCM amount was still sufficiently large to give rise to rapid 
evaporation and the ‘pitted’ surface (Figure 4.11). 




Figure 4.10: SEM micrograph of electrospun PSU membrane using DCM: Pyridine (90:10) as solvent in (a) 





Figure 4.11: Surface morphology of electrospun PSU membrane using DCM: Pyridine (90:10) 
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When the DCM/Pyridine ratio was changed to 70:30, different morphologies were 
produced (Figure 4.12). At low polymer concentration (10 % w/v), beads were observed. 
As the polymer concentration increased to 15% and 20% w/v, fibers were obtained. All 
fibers had a very pronounced ‘wrinkled’ appearance (Figure 4.13), similar to the surface 
observed on the bead. As anticipated, the fibers were much smaller in diameter (Table 
4.6) and no ‘pits’ on the surface were observed for all polymer concentration. At this 
concentration, the influence of Pyridine seemed more pronounced than that of DCM. 
However, the fibers obtained were still in the micron range. Increasing the Pyridine 
amount higher was not attempted as it became increasingly difficult to obtain a 
homogenous PSU solution. 
 
Table 4.6: Characteristics of fiber generated through DCM, Pyridine and DCM/Pyridine solvents 






Pits on surface 
1500 – 3100 
3300 – 6300 






10: convoluted; pitted 
15: wrinkled, pitted 
20: wrinkled, pitted 
900 – 1200 
1560 – 1640 







10: beaded fibers 
15: fibers 
20: ‘wrinkled fibers 
25: ‘wrinkled’ fibers 
250 – 350 
900 – 1300 
750 – 1200 





10: All beads 
20: Beaded fibers 
25:  ‘wrinkled’ fibers 
- 
250 – 400 
800 – 1000 
 
 




Figure 4.12: SEM micrograph of electrospun PSU membrane using DCM: Pyridine (70:30) as solvent in (a) 
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4.3.4.2 Electrospinning PSU dissolved in DMF + Pyridine 
DMF and Pyridine were mixed in a ratio of 90:10, 80:20, 70:30 and 50:50. For both the 
solvent mixtures, only 20% PSU w/v was electrospun as from Section 4.3.2 and 4.3.3, it 
was observed that lower concentration gave rise to beaded fibers for both DMF and 
Pyridine. The same spinning conditions as Table 4.2 were used. 
 
Interestingly, none of the combinations gave rise to smaller fiber diameters than using 
just DMF as solvent (Table 4.7). As the amount of Pyridine was increased, beaded fibers 
began to form, with the incidence of beads increasing with increasing Pyridine amount 
(Figure 4.14). This experiment highlights the importance of the interaction between 
solvents used when electrospinning from a solvent mixture. 
 




Figure 4.14: SEM micrograph of electrospun PSU using DMF:Pyridine mixture of (a) 50:50, (b) 70:30, (c) 
80:20 and (d) 90:10  
 










PSU Concentration    
(% w/v) 
Morphology Fiber Diameter (nm) 
























350 – 550 
Pyridine 20 20: Beaded fibers 250 – 400 
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4.4 Conclusion 
From the experiments above, it is evident that the properties of the polymer solution 
have a significant influence on the nature of the fiber produced through electrospinning. 
The viscosity of the solution and its electrical properties determine the extent of 
elongation of the solution. This will in turn have an effect on the diameter of the 
resultant electrospun fibers.  
 
As the polymer concentration increases, the viscosity of the polymer solution increases. 
This will result in greater polymer chain entanglements within the solution that aide in 
maintaining a stable jet during the electrospinning process and reduces the chances of 
beads forming. With the exception of DCM, all the other solvents, showed a progression 
from beads, to beaded fibers and finally fibers with no beads as the polymer 
concentration increased.  However, the morphology and diameter of the fiber produced 
was determined by the solvent used. 
 
Although DCM showed good solubility of PSU and very low concentration of polymer 
solution could be readily electrospun, it gave rise to very large micro-sized fibers. Of the 
three solvents used, DCM had the highest vapour pressure and the lowest conductivity. 
This makes it a ‘more volatile’ solvent and a less conducting medium under an electric 
field. As an electric field is applied, the polymer solution was not able to be stretched 
sufficiently to reduce its fiber. Furthermore, as the solvent has a high vapour pressure, 
the solvent evaporated rapidly during the process. This results in the jet being solidified 
quickly and hence not able to undergo sufficient bending instability to produce 
nanofibers. This is evident from the pits formed on the fiber surface.  
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 Pyridine with its high conductivity was also unable to produce nano-scaled fibers with 
no beads. This is due to the poor solubility of PSU in Pyridine. Although, the solution has 
a high conductivity, there was insufficient polymer entanglement within the solution to 
produce a stable, continuous jet during electrospinning. The fibers and beads also had a 
very pronounced ‘wrinkled’ appearance. 
 
On the other hand, DMF has the lowest vapour pressure and a high dielectric constant. 
Both attributes increase the bending instability of the electrospinning jet and hence the 
jet path. As a result, fine fibers were produced. 
 
In an attempt to reduce the fiber diameter, Pyridine was added to the DCM and DMF 
system. With DCM, the addition of Pyridine saw a significant reduction of fiber diameter 
as well as the change in the fiber morphology. However, it was not enough to reduce the 
fibers to the nano-scale. With DMF, as the Pyridine ratio was increased, beaded fibers 
were produced. The interaction between the mixtures produced a more unstable 
solution for electrospinning. The differing solubility of PSU in the mixture resulted in 
different morphology being created than using just a single solvent system. 
 
As the first objective of the study is to generate different fiber architectures, PSU/DMF 
was selected as the ideal system. With this system, one can generate electrospun 









5.1 Membrane Properties 
Once a membrane filter is formed, the two key parameters that define its role are 
selectivity and flux. Selectivity refers to a membrane’s ability to discriminate the type of 
species that pass through it and is governed by the membrane’s surface properties. Flux, 
on the other hand, describes how much gets into the membrane and how fast it moves. 
These two parameters are affected by a number of factors and it is critical to 
characterize the membrane in relation to these.  
 
Membrane characterization leads to the determination of structural and morphological 
properties of the membrane. This includes knowledge of porosity, pore-size, pore-size 
distribution, wettability (hydrophobicity / hydrophilicity), transmembrane pressure drop 
across membrane, membrane thickness, cross-sectional geometry and flux permeability. 
The information gathered is essential in determining in which type of separation 
processes the membrane can be used and importantly, its potential performance.  
  
Before the required properties are determined, the right characterization techniques 
need to be established. Taking the ENM produced using 18% w/v PSU solution as the 
model ENM, suitable characterization techniques were determined. This particular ENM 
was selected as it encompasses both beads and fibers and will allow the establishment 
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of optimal techniques. The merit of each technique was explored in yielding the 
required properties. 
 
5.2 Structural Integrity of the ENM 
One of the major stumbling blocks for the development of electrospun fibers as 
filters/membranes has been its difficulty in handling. This was evident in all the fibrous 
mats generated in Chapter 4. The PSU-ENM had a very loose ‘cotton-like’ morphology 
and was not easy to handle. There were excessive surface charges on the fibers and they 
detached easily from the layers below. To increase the integrity and strength, heat 
treatment was done.  
 
Based on DSC measurements, the Tg and Tm of PSU were determined to be identical, 
occurring at 190 ºC. This is quite unique. However based on this information, heat 
treatment was conducted just below at 188 ºC for 3hrs. This was carried out to allow the 
fibers to ‘fuse’ together where they intersect and hence increase the structural integrity 
of it. 
 
5.2.1 Enhanced strength 
Upon, heat-treatment, the integrity of the membrane significantly improved. It was 
easily handled; changing from a cotton-like morphology to that of paper. SEM images 
revealed ‘interlocking’ of fibers (Figure 5.1a) that could be the most probable reason for 
the increased integrity. AFM (Figure 5.1b) image further confirmed the presence of this. 
A tensile test was carried out and it was found that the mechanical strength of the 
membrane was increased threefold (Figure 5.1c). DSC measurements also showed an 
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increase in the crystallinity of the heat treated PSU (Figure 5.1d). Having successfully 
improved the handling of the fibrous mat, it was now possible to treat it as a separating 






























Figure 5.1: Morphology (a) SEM, (b) AFM, (c) increased strength and (d) crystallinity obtained via heat 
treatment of electrospun PSU membrane 
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5.3 Membrane Thickness 
The thickness of a membrane is an important factor that influences flux. The thickness of 
the selective layer (that governs the separation) is an integral component of transport 
models such as Pore Model [53], used for solute transport through pores or Thomas 
Model used for affinity separation [54]. Thus, independent of the type of separation that 
occurs, it is important to measure this feature as accurately as possible. 
 
Although it would seem to be a simple feature to measure, it is far from being that. The 
most straight forward method would be to use a micrometer, since most membrane 
thickness are around 50 -200 microns. However, when the membrane is highly porous, 
like that of a nanofibrous membrane, using a micrometer can lead to erroneous 
measurements due to compression of the membrane.  
 
One method of measuring the thickness accurately would be to observe it under the 
microscope. The advantage of this would be that in the process of measurement, the 
cross-sectional geometry of the membrane can be observed simultaneously. A few 
alternative techniques were explored and presented below. 
 
5.3.1 Cryotome and Microtome Sectioning 
The first technique carried out was to embed the membrane in a mounting medium and 
then sectioning it on a cryotome. This is a common technique used in biological research 
to observe the cross-section of tissues. Sections as thin a several microns are possible.  
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Polysulfone ENM was covered with tissue mounting medium, which was in solution state 
at room temperature. This was then quenched into liquid nitrogen to freeze the sample. 
The sample was then transferred into a cryotome that was maintained at -20C and 
sliced into 10 micron sections. The sections were collected onto glass cover slips and 
upon removal from the cryotome, the solution melts and membrane section recovered. 









Figure 5.2: Cryotome sectioned electrospun PSU membranes 
 
It can be seen from the image obtained that although thickness can be measured, the 
geometry of the pore spaces across the membrane were ‘masked’. Thus this method 
was not as effective as expected. 
 
Another mounting medium, paraffin wax, was considered. This time the sectioning was 
done on a microtome as sectioning can be done at room temperature. Unfortunately, 
this method was even less informative than the previous method. From Figure 5.3 it can 
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be seen that neither thickness nor geometry was visible.  After both these failed 








Figure 5.3: Microtome sectioned electrospun PSU membranes 
 
5.3.2 Quenching in Liquid Nitrogen 
To section the membrane without any embedding medium, quenching it into liquid 
nitrogen was considered. The temperature of liquid nitrogen is -196°C. It was expected 
that at such low temperatures, materials will become brittle and thus can be easily 
fractured. 
 
Contrary to common belief, when the electrospun PSU nanofibrous membrane was 
immersed into liquid nitrogen, it was still flexible! Even after prolonged immersion it did 
not become brittle. This was a real surprising observation. This was repeated many times 
with prolonged immersion but the ENM still remained flexible.  This observation is 
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5.3.3 Blade-sectioning 
As all the above method proved to be unsuccessful, the membrane was then cut with an 









Figure 5.4: Blade-sectioned electrospun PSU membranes 
 
The blade sectioning was thus far the best method for measurements. The PSU 
membrane thickness from the SEM image (Figure 5.4a) was 240 microns. When the 
same membrane was measured using a micrometer, the thickness was 190 microns. The 
difference between the two methods was large. Such large errors in measurement may 
lead to very poor model analysis. However, for quick reference and as a non-destructive 
method, the use of a micrometer has its advantages. 
 
5.4 Cross-section geometry 
The information obtained from the above image (Figure 5.4b) is that the ‘flow’ path 
across the ENM would be extremely tortuous; no clear interconnecting pore structures 
were visible. There was no ‘clear’ path for solute transport across the ENM. Most 
transport models developed for membrane processes rely on the assumption of a 
(a) (b) 
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continuous pore across the membrane thickness. Although most membranes do not 
possess such a characteristic, independent of the fabrication technique, the assumption 
might be more invalid for nanofibrous membranes. If this proves to be so, a corrective 
parameter must be included or a new transport model has to be developed. Such 
information can only be derived with experimental data generated through the course 
of studies similar to this.  
 
When the ENM was sectioned, the SEM image revealed several kinds of morphologies. 
There were two kinds of fiber morphologies observed. When the fiber diameter was 
smaller (less than 300nm) it appeared smooth. However, as the fiber diameter increased, 
it appeared to take on a convoluted surface.  
 
There are two possible scenarios for this difference. As discussed previously, the lack of 
a smooth surface could be due the occurrence of phase-separation taking place. When 
the fiber is very small, possibly much of the solvent had already ‘escaped’ and there was 
no generation of solvent-rich or solvent-poor regions that can induce such features with 
time. In bigger fibers, there is more mass present and hence possible for phase 
separation to occur. 
 
On close inspection, some of the larger fibers seem to be formed from the fusion of 
several smaller fibers which could have occurred during the heat treatment process. This 
could explain the presence of some large fibers having the convoluted fibers.  
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From the SEM, it can be observed that both scenarios exist. Some large fibers have 
convoluted surfaces that seem to be ordered along the length of the fiber, indicating 
that it was formed due to the fusion of smaller fibers. Simultaneously there were large 
fibers that have a highly convoluted surface that indicates the probability of phase 
separation, similar to those of beads. 
 
Even more interestingly, the bead exhibited unique ultrastructure within (Figure 5.5b). 
The image suggests the possibility of some form of phase-separation taking place within 
the bead (Figure 5.5b).  
 
The above indicates that the humidity level and the solvent choice could be important 
parameters that affect the spinning for smooth uniform fibers. On the other hand, 
where an increased surface area is preferred, it might be better to spin at high humidity 
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5.5 Hydrophobic/ Hydrophilic Characteristics 
The hydrophobic (or hydrophilic) nature of a membrane has a direct impact on the 
avenue of its usage. For example, in membrane distillation, where water must not enter 
the membrane, a hydrophobic membrane is a must. For separation of protein solutions, 
hydrophilic membranes are preferred, if possible, to minimise protein adsorption. Thus 
nanofibrous membranes were subjected to water contact angle measurements. 
 
5.5.1 Advancing Contact Angle  
A WCA equipment was used to measure the water contact angle of the PSU membranes. 
The static advancing contact angle measured was around 140° (Figure 5.6). This is almost 
100% higher than published contact angle (60 – 70 °) measurements of PSU materials. 
The electrospun nanofibrous membranes were exhibiting higher hydrophobicity 
characteristics then the conventional phase-inversion membranes. When a more 
hydrophobic material, such as PVDF, was electrospun, the resulting contact angle was 







Figure 5.6: Contact angles of electrospun PSU and PVDF membrane 
  
The above results indicated that the morphology, and not the material, that influenced 
the results. In surface technology, two models exist that relate surface morphology to 
PSU NF membrane: 140  PVDF NF membrane: 145 
 
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hydrophobicity. These are the Cassie Model [55] and the Wenzel [56] Model, named 
after the scientists who discovered and developed the models respectively.  
 
Wenzel model relates the increased surface area, brought about by surface roughness, 
as the cause of an increased hydrophobicity in materials. The Cassie model on the other 
hand states that the air pockets in the hollows of a rough surface as the cause of the 
increased hydrophobicity. Both models, to a certain extent are related and both models 






Figure 5.7: Schematic of Cassie and Wenzel model effects 
 
The AFM and SEM images of ENM show that both attributes are present. There are large 
air pockets on the surface (Figure 5.8a) and the roughness is in the micron range (Figure 
5.8b). These could have contributed to the heightened hydrophobicity. 
 
More in depth experimentation is required to determine which of these parameters 
have a dominant effect on the hydrophobicity of the membrane. Different materials – 
hydrophilic and hydrophobic - must be considered to see if such a phenomenon exists or 
is it just pertaining to hydrophobic materials. If the dominant parameter is identified, 
ENM can find application in membrane distillation, where hydrophobicity and high 
porosity are essential. 
Wenzel effect Cassie effect 
















Figure 5.8: Attributes of PSU nanofibrous membrane that could contribute to increased hydrophobicity 
 
5.6 Transmembrane Pressure  
The flow rate across a membrane depends on the transmembrane pressure differential. 
Transmembrane pressure is the pressure difference across the top and bottom sides of 
the membrane. The lower the pressure difference, the easier is the flow through the 
membrane (less resistance to flow). To determine the flux through the nanofibrous 
membranes a simple set-up was constructed, the schematic of which is shown in Figure 
5.9a.  
 
Large air pockets 
(a) 
(b) 




Figure 5.9: Schematic of (a) Permeation cell and (b) ENM configuration placed within the cell. 
 
One of the early challenges faced was to find an effective way to place the ENM into a 
permeation cell. When the ENM was placed directly into the cell, the edges of the cell 
were cutting the ENM. To protect the ENM, an aluminium sheet with a 25 mm diameter 
hole was glued to the ENM (Figure 5.9b). This proved to be effective. 
In the first attempt, a stainless steel 200 ml capacity module was used. The membrane 
was placed as shown in the schematic and nitrogen gas was used to pressure the system 
until water started to flow out at the outlet.  
 
It was observed that very little pressure was needed for the PSU-ENM used. The 
pressure was much less than 1 bar. The set up was not able to measure this small drop. 
The air flow could not be regulated effectively at low pressures. To achieve more control 
and allow for small incremental increase of pressure, the set-up was modified to include 
a reservoir gas tank, as shown in Figure 5.10. This set-up was successful in determining 
the flow rate effectively with sufficient control. All flux studies were carried out using 
this set-up. 
 




Figure 5.10: Schematic of modified Permeation cell set-up suited for ENMs. 
 
From affinity membrane point of view, having such a low pressure drop is advantageous. 
This eliminates the need for pressuring the system during separation. However, since 
pressure drop is directly proportional to membrane thickness, there is high likelihood 
that this will increase if several ENM sheets are used for the separation. Thus it is 
important to study the pressure drop as a function of membrane thickness. 
 
5.7 Pore-size, Pore-size Distribution and Porosity 
Pore-size refers to the diameter of the pores present in the membrane. Such 
information can discriminate between the type (size or molecular weight) of species 
than can permeate through and which will be retained. However, pores in membrane, 
especially polymeric membrane, do not have identical pore-size but rather a range of 
sizes. This is known as the pore-size distribution. Whereas, porosity is the fraction of the 
membrane volume occupied by the pores (void volume). While the pore size and its 
distribution discriminates the type of species that can permeate, it is the porosity that 
determines the flux. 
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5.7.1 Liquid Intrusion Technique 
The most common method employed in membrane technology to determine pore-size 
and its distribution is the Mercury Intrusion method. Mercury intrusion measures the 
pressure required to push mercury, a nonwetting liquid, through the pores in a material. 
It is based on the principle of capillarity and surface tension. At low pressure, the larger 
pores get filled first. This transition pressure can be related to pore-size by the 
Washburn equation described in [53]. As the pressure increases, the smaller pores get 
filled. Through this relationship the pore-size and its distribution can be obtained. 
Furthermore, by measuring the volume of mercury pushed into the membrane, the 
porosity can be determined. 
 
The ENM was placed in a Mercury Porosimeter to obtain such data. Unfortunately, it 
was destroyed. The high pressure required to force viscous mercury through the pores 
distorted the ENM. 
 
5.7.2 Liquid Extrusion Technique: Capillary Flow Porometer 
In the case of ENMs, a more suitable approach to obtain the pore-size and distribution 
would be to use a liquid extrusion technique instead of intrusion. In this approach, a 
wetting liquid is used to fill the pores of the sample. The wetting liquid should possess a 
liquid/solid surface free energy (γl/s) that is less than the solid/gas surface free energy 
(γs/g). Therefore filling of the pores is spontaneous, but removal of the liquid from the 
pores is not. Pressure is applied on the sample to remove the wetting liquid from pores 
and permit gas flow. Capillary flow porometry is based on this technique. In a capillary 
flow porometry measurement, a non-reacting gas (typically air) flows through a dry 
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sample and then through the same sample after it has been wetted with a liquid of 
known surface tension. The change in flow rate is measured as a function of pressure for 
both dry and wet processes. Because of the low pressure applied during the process, the 
porous structure of nanofibrous membrane is not distorted [57]. Thus, capillary flow 
porometry can provide reproducible pore size and distribution measurements with 
ignorable distortion errors. All the required pore structure characteristics such as pore-
size at bubble point, mean flow pore and pore-size distribution can be computed from 
the measured differential pressures and gas flow rates [57].  In this study, a capillary 
flow porometer (Porous Materials Inc, USA) and a wetting liquid, Galwick™ was used. 
 
The relationship between the pore size and the corresponding pressure is given by the 
Young-Laplace equation: 









                                                     (1) 
where, R is radius of the pore, ΔP is differential gas pressure, γ is surface tension of 
wetting liquid, Galwick™ (γ = 15.9 dynes/cm)  and θ is wetting angle.  
 
The pressure at which the capillary action of the fluid within the largest pore is 
overcome is termed the bubble point pressure. This bubble point pressure is used to 
determine the largest pore the ENM possesses using equation 1. The mean flow pore 
diameter is computed from mean flow pressure. The mean flow pore diameter is such 
that 50 % of flow is through pores larger than the mean flow pore diameter and 50 % of 
flow is through pores smaller than the mean flow pore diameter. 
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5.8 Discussion 
The first hurdle for developing an ENM was its structurally integrity.  This was 
successfully overcome by post-treatment of ENMs after electrospinning. Having 
overcome the handling issue, the next step was to find suitable characterization 
techniques. By making some modifications to traditional techniques and understanding 
the nature of ENMs, characterization techniques were established. 
 
The advent of the capillary porometer was significant as it allows the pore-size 
distribution of ENMs to be effectively characterized. From the permeation studies, it was 
observed that some design changes in the permeation cell will be needed to 
accommodate an ENM. However without having to re-design, a simple solution of 
adding an aluminum ring over the ENM to protect it from the sharp edges proved 
effective. All the established techniques will allow for good characterization of 
developed ENMs and to understand the influence of architecture on an ENMs 
performance. Furthermore, along the way interesting nuances of ENMs were discovered, 
which would play a significant role in determining the potential application areas for 
ENMs in separation technology 
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Chapter 6 
Influence of Electrospun Fiber Morphology on Membrane Properties 
 
6.1 Membrane Performance 
Before the onset of this study, the performance of filter membrane comprising only of 
nanofibers was not known. All characterization was based on a hybrid system, like that 
of nanofibrous based air filters. Two stumbling blocks existed: (1) the accumulation of 
electrostatic charges that prevent a structurally rigid membrane to be formed and (2) 
the limitation in characterization methods. As discussed in Chapter 5, both of these have 
been overcome to a large extent and thus characterization of a completely electrospun 
nanofibrous membrane is now possible.  
 
Like in fibrous filter media, it is essential to determine the effect of the fiber morphology 
on membrane properties. An attempt is made to understand the influence of 
electrospun architecture on the pore-size distribution of ENMs and their performance, 
using PSU as the model membrane material. 
 
6.2 Materials & Methods 
6.2.1 Polysulfone solution 
Three difference concentrations (15, 18 and 20 % w/v) of PSU (Mn 26000, Aldrich, USA) 
were prepared in N, N-Dimethylformamide (Sigma-Aldrich, USA). All solvents were dried 
using molecular sieves 2 days prior to use in dissolving PSU. To obtain a homogenous 
solution, the solution was left overnight on a magnetic stirrer plate.  
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6.2.2 Electrospinning 
 The polymer solution was placed into a 10ml syringe, with a spinneret diameter of 0.21 
mm. A syringe pump (Fisher Scientific, USA) was utilized to supply a constant flow of 
4ml/hr polymer solution during electrospinning. A voltage of 12kV (Gamma High Voltage 
Research Inc., USA) was applied to draw nanofibers from the prepared solution. The 
fibers were collected on a grounded 10 cm square Aluminum plate. The distance 
between the spinneret tip and the collector plate was maintained at 15 cm. The 
humidity of the electrospinning chamber was maintained within 40-50 % using a 
dehumidifier.  The schematic of the electrospinning set-up is shown in Figure 3.1. The 
electrospun nanofibrous membrane (ENM) obtained was stored overnight in a vacuum 
oven to ensure all the solvent was removed from the nanofibers. Subsequently, to 
increase the structural integrity of the ENM, post heat treatment was carried out at 
188 °C for 3 hrs. 
 
6.2.3 ENM Characterization 
6.2.3.1 Morphology 
The resultant morphology of the ENM was observed using a field-emission scanning 
electron microscope (FESEM) (Quanta 200F, FEI, USA). The FESEM images captured were 
used to determine the diameter of the fibers using the ImageJ software 
(http://rsb.info.nih.gov/ij/). The thickness of the heat treated membrane was measured 
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6.2.3.2 Pore-size Distribution 
The pore-size distribution of the ENMs was determined using a capillary flow porometer 
(Porous Materials Inc, USA). A wetting liquid, Galwick™ (Porous Materials In, USA) was 
applied to spontaneously fill the pores in the ENM and differential pressure of nitrogen 
gas was slowly increased on the sample to remove the liquid within the pores and 
permit gas flow. The differential pressure and flow rates through dry and wet ENMs 
were measured. All the required pore structure characteristics such as pore-size at 
bubble point mean flow pore and pore-size distribution were computed from the 
measured differential pressures and gas flow rates using the equations described in [57].  
 
6.2.3.3 Liquid entry pressure of water (LEPw) 
Circular polysulfone ENMs (ENMs) 40mm in diameter were stamped out from the heat-
treated electrospun PSU sheet for separation study using a simple dead-end filtration 
set-up shown in Figure 5.10. The effective membrane diameter was 25 mm. Feed 
pressure was measured using a digital pressure gauge (3900 MeriGauge™, Meriam 
Process Technologies, USA).   
 
6.3 Results & Discussion 
6.3.1 Effect of concentration on Membrane Morphologies 
At concentration of 15% w/v, beaded fibers were observed. The fibers were 280 nm in 
diameter but the membrane had high incidence of beads (Figure 6.1).  
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Figure 6.1: Morphology of 15% wt/vol PSU (a) 3000x and (b) 10 000x magnification 
 
As the concentration increased to 18% w/v, the increase in viscosity enabled the 
creation of a more stable jet. Fibers of 350nm were produced and the incidence of the 
beads was minimal (Figure 6.2). Occasional beads observed had a more elongated, 





Figure 6.2: Morphology of 18% w/v PSU (a) 3000x and (b) 10 000x magnification 
 




Figure 6.3: Morphology of beads in (a) 15% w/v and (b) 18% w/v PSU solution 
 
When the concentration was further increased to 20% and 25% w/v, fibers completely 
free of beads were obtained. However, as anticipated, the fiber diameters obtained 
were very different. At 20% w/v, the average fiber diameter was approximately 500nm 
(Figure 6.4) and that for 25% w/v (Figure 6.5) was close to 1000 nm (1 um).  
 
 




Figure 6.5: Morphology of 25% w/v PSU (a) 3000x and (b) 12 000x magnification 
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Since the electric field remained constant, the elongation forces acting on the jet was 
the same for all concentration. However the viscosity increases and consequently the 
extent of elongation were reduced. This resulted in the fiber diameter increasing as the 
concentration was increased from 20% to 25% w/v. 
 
6.3.2 Influence of fiber architecture of ENM on pore-size distribution 
The pore-size distribution of the 15%, 18% and 20% w/v PSU-ENMs was determined 
using a capillary flow porometer (Porous Materials Inc, USA). The ENMs produced with 
25% w/v were not studied as the diameter of the resultant fibers were not in the desired 
nano-scale range. 
 
A 25mm diameter membrane was stamped out from the electrospun sheet and used for 
this study.  A wetting liquid, Galwick™ (Porous Materials In, USA) was applied to 
spontaneously fill the pores in the ENM and differential pressure of nitrogen gas was 
slowly increased on the sample to remove the liquid within the pores and permit gas 
flow.  


























Figure 6.6: Wet and Dry curves of PSU-ENM obtained from Capillary Flow Porometer 
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The wetting liquid, Galwick™, spontaneously wets the PSU-ENM and hence the wetting 
angle was set at θ=0. Figure 6.6 shows the typical wet and dry curves obtained by the 
porometer run. The wet and dry curves meet at higher pressures indicating that all the 
pores within the membranes have been completely ‘opened’ during the porometer run. 
 
The run was repeated thrice for each membrane to validate the accuracy of the 
measurement technique. For each membrane, the repeated runs produced similar 
bubble points and smallest pore measurements. This highlights that ENMs have 
sufficient rigidity to undergo repeated testing cycles without undergoing severe 
compression or distortion. The only difference observed among the runs was in the 
distribution. This is expected as the flow of fluid through any membrane is not a fixed 
path and will not be identical from run to run due to the nature of ENMs, which have an 
open interconnected pore structure. 
 
Table 6.1 shows the bubble point, mean flow pore and the smallest pore detected in 
ENMs produced from 15, 18 and 20 %w/v PSU solutions. The ENM thickness was kept 
within 42-46 um to eliminate any thickness effect. Figure 6.7 shows the pore size 
distribution obtained for each ENM. 
 
Table 6.1: Pore characteristics at different PSU concentration 
Properties 
PSU Concentration (w/v) 
15% 18% 20% 
Bubble-point  
(um) 
4.5 10.1 7.2 
Mean Flow Pore  
(um) 
2.9 6.0 3.3 
Smallest pore  
(um) 
1.8 4.8 2.5 









Figure 6.7: Change in pore-size distribution with different PSU concentration: (a) 15% w/v, (b) 18% w/v 
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From Table 6.1, it can be seen that 15% w/v PSU-ENMs had the smallest bubble-point as 
well as the narrowest pore-size distribution. This is most probably due to the close 
packing in the ENM caused by the presence of spherical beads. The high occurrence of 
beads caused many restrictions to the flow of fluid and thus it creates a densely packed 
ENM.  
 
In the absence of beads, the fibers are spaced out and hence larger bubble point was 
observed. During the electrospinning process, the PSU nanofibers become highly 
electrostatic and thus during deposition, the nanofibers tend to prefer a ‘space-out’ 
more. It was noticed that although 18% w/v PSU-ENM had smaller fiber diameter than 
20% w/v PSU-ENM, they possess larger pores. One possible reason for this could be the 
occasional beads in the 18% w/v PSU-ENM that could have affected the packing. The 
beads are more spindle-like and thus similar to micron fibers in dimensions and could 
have prevented the close packing. However, the occurrence of beads with the ENM 
produced with the 18% w/v solution was not prevalent and does not truly account for 
the vast difference observed. As seen in 15% w/v solution, the presence of beads 
resulted in smaller pores.  
 
The most probable reason could be the presence of greater residual surface charge on 
the nanofibers generated through 18% w/v PSU solution compared to 20% w/v solution. 
This will cause greater repulsion between fibers and hence a more ‘space-out’ 
architecture is produced. With the 20% w/v, the pores were generally between 2.5 to 
4.5 um, with a greater proportion of them in the 3.0 to 3.5 um range. 
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6.3.3 Influence of ENM thickness on pore-size distribution. 
 To assess the influence of thickness on pore-size distribution, PSU-ENMs of different 
thickness were made and studied. In the case of 20% w/v solution, occasional beads 
were observed during electrospinning that constitute less than 1% of the total area 
when the thickness was increased. It was observed that the tendency to produce beads 
increased with prolonged electrospinning due to clogging of the spinneret. Thus, the 
duration of the electrospinning was controlled so that no beads were observed and the 
maximum was set at 1.5 hrs for this study.  Each membrane was tested thrice on the 
porometer to ensure reproducibility. 
 
In the case of the 15% w/v PSU-ENM, from Table 6.2 it can be deduced that the increase 
in thickness did not have a significant influence on the pore-size of the membrane when 
the membrane thickness increased. However, when the distribution of the pores present 
in the membrane was studied, as seen in Figure 6.8, there is a greater spread of pore-
size distribution as the thickness increases. Due to the high incidence of large spherical 
beads, there are many hindrances to flow even without the deposition of more mass 
and thus no significant reduction in pore-size was observed with increased thickness.   
 
Table 6.2: Effect of PSU-ENM thickness on pore characteristics: 15% w/v 
Properties 
 15 % w/v PSU Membrane thickness (um) 
36 88 116 
Bubble-point  
(um) 
4.6 3.8 4.0 
Mean Flow Pore  
(um) 
2.9 1.2 1.4 
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Smallest pore  
(um) 














Figure 6.8: Change in pore-size distribution with thickness of 15% w/v PSU-ENM: (a) 36 um, (b) 88 um and 
(c) 116 um. 
 
With 18% w/v PSU-ENMs, a more significant change in pore-size distribution was 
observed. From Table 6.3, it can be observed that as the thickness increased there was a 
decrease in bubble-point as well as the smallest pore detected. In the absence of large 
number of beads, the change in pore-size is due to the deposition of more fibers and 
thus more hindrance to flow.  Furthermore, the range of pore-sizes present in the 
membrane (Figure 6.9) decreased drastically when the membrane thickness increased 
from 43 um to 97 um. Although with 18% w/v PSU-ENM, the incidence of beads was 
much lower than 15% w/v PSU-ENM, the amount of beads present will increase with 
prolonged electrospinning and thus thickness. As such, these beads will provide greater 
hindrance to flow and ‘block’ more paths. This could be the reason for the drastic drop 
in the range of pore-sizes detected as the thickness increased. 
 
 Table 6.3: Effect of PSU-ENM thickness on pore characteristics: 18% w/v 
Properties 
 18 % w/v PSU Membrane thickness (um) 
43 70 97 
Bubble-point  
(um) 
10.1 9.6 5.0 
Mean Flow Pore  
(um) 
6.0 5.2 2.4 
Smallest pore  
(um) 













Figure 6.9: Change in pore-size distribution with thickness of 18% w/v PSU-ENM: (a) 43 um, (b) 70 um and 
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In the 20% w/v PSU-ENM, increasing thickness of the ENM, produced a shift towards 






Figure 6.10: Change in pore-size distribution with thickness of 20% w/v PSU-ENM: (a) 42 um, (b) 71 um 
and (c) 150 um. 
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From Table 6.4 it is evident that with increasing thickness, the bubble point decreases. 
This was anticipated as with increasing ENM thickness, more nanofibers are deposited 
and this in turn resulted in more tortuous paths created. The fluid flow encounters more 
hindrance to flow as additional fibers are introduced. As a result, the pore size gets 
reduced. However, unlike 18% w/v PSU-ENM, increasing thickness also increased the 
distribution of pore sizes. As there are no beads, increasing the amount fibers not only 
produces more tortuous paths but also increases the number of paths within the ENM. 
 
Table 6.4: Effect of PSU-ENM thickness on pore characteristics: 20% w/v 
Properties 
 20% w/v PSU Membrane thickness (um) 
42 71 150 
Bubble-point  
(um) 
7.2 6.1 3.4 
Mean Flow Pore  
(um) 
3.3 2.3 1.3 
Smallest pore  
(um) 
2.5 1.4 0.9 
 
 
6.3.5 Liquid entry pressure of water (LEPw) 
The liquid entry pressure of water (LEPw) was determined using the set-up shown in 
Figure 4.10. This is the minimum pressure the membrane can withstand prior to flow of 
permeate and hence where the first permeate is collected. The LEPw of 18% and 20% 
w/v PSU-ENM was studied and the results shown in Table 6.5. For each ENM, 7 samples 
were tested. 
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The LEPw for 20% w/v PSU-ENM was higher and thus indicates the presence of smaller 
pores. This result agreed well with the porometer results obtained which indicates that 
the bubble-point in 20% w/v was smaller than 18% w/v. 
 





It is evident from the above studies that the morphology of the electrospun nanofibers 
and the thickness of the ENM play a significant role in determining the pore-size 
distribution of the ENMs. The presence of beads, if numerous, will lead to much reduced 
pore-sizes as well as porosity.  When the occurrence of beads in the ENM is prevalent, 
the increase in the thickness of the membrane had little effect on the pore-size 
distribution. If the ENM is free from beads, as the thickness of the ENM increased, the 
pore-size reduced. This is due to more layers of nanofibers being deposited that result in 
many more hindrances to flow path.   
 
However, it must be acknowledged that a reduced fiber diameter may not yield close 
packing in the ENM. As the fibers are produced via electrospinning, the residual charge 
carried by the fiber may increase with decreasing diameter. This result in greater 
repulsion between fibers as they are collected and thus the ENM possess larger pores. 
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There may be a limit to the degree of close packing that can be realised through 
electrospinning.  
 
One of the significance of the studies performed in this Chapter is that it highlight that 
the ENM is ‘rigid’ enough to permit repeated runs to be carried out with no significant 
differences in the results. This reinforces that ENMs do have the potential to act as a 
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Chapter 7 
ENMs as Pre-filters     
 
7.1 Pre-Filter 
All studies done thus far, indicate that as spun PSU-ENMs appear to have pore-sizes in 
the micron range. Hence, without any form of surface modification, it is postulated that 
the ENM will be a suitable candidate for the removal of micro-particles based solely on 
size-exclusion principle. One potential application would be as a pre-filter in water 
treatment. 
 
Pre-filters play a critical role in the removal of particulate contaminants and play an 
important role in water purification and tertiary effluent treatment. These contaminants, 
if not removed, tend to ‘clog’ or foul downstream membrane filter elements used in 
ultrafiltration, nanofiltration and reverse osmosis processes, severely reducing the 
performance and throughput of the treatment. If these are removed by pre-filtering 
through coarser filter, the downstream filter element performance can be maintained 
for much longer intervals between cleaning and replacement.  
 
There are several forms of pre-filters available currently from packed sand beds to 
woven and non-woven fibrous mesh [58, 59] for the removal of particulate matter from 
fluids. The choice of pre-filter is usually governed by its performance and suitability and 
can be judged based on the criteria proposed by Purchas [60].An ideal pre-filter will have 
an extremely high internal surface area (high dirt-loading capacity). Both size-exclusion 
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and adsorption mechanisms aid pre-filters in removing micro-scaled contaminants. As a 
result, fibrous depth filters are preferred over phase-inversed membranes as pre-filters 
due to their higher internal surface and hence, enormous dirt loading capacity area. 
 
The smaller the fiber diameter used in the pre-filter, the greater the surface area for 
adsorption of particles and the better the retention of small particles. In the sixties, 
asbestos fibers were recognized as the best pre-filter media. The individual fibrils were 
smaller than 0.01um and they had a positive zeta potential. However, when it was 
suspected that asbestos fibers presented a health hazard, fine diameter glass and 
polymeric fibers were substituted [4]. Unfortunately, neither media equals the 
performance of asbestos as they did not have sub-micron fibers with large surface areas. 
 
ENMs possess the necessary structure needed for a pre-filter. To assess the developed 
PSU-ENM’s ability to function as a pre-filter and to determine if the separation 
behaviour is analogous to the pore characteristics determined using the porometer, a 
particle-challenge test using polystyrene (PS) micro-particles was proposed. The particle-
challenge test will give an indication of the ENMs capability and performance during a 
filtration operation.  
 
7.2 Materials and Method 
7.2.1 ENM  Processing 
Twenty percent w/v PSU (Mn 26000, Aldrich, USA) was prepared in N,N-
Dimethylformamide (Sigma-Aldrich, USA). This concentration was selected as it 
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produces fibers in the nano-range, free from beads and is highly reproducible as seen in 
Chapter 4.  
 
A syringe pump (Fisher Scientific, USA) was utilized to supply a constant flow of 4ml/hr 
polymer solution during electrospinning. A voltage of 12kV (Gamma High Voltage 
Research Inc., USA) was applied to draw nanofibers from the prepared solution. The 
fibers were collected on a grounded 10 cm square Aluminum plate. To increase the 
structural integrity of the as-spun nanofibrous membrane, post heat treatment was 
carried out at 188 °C for 3 hrs. 
 
7.2.2 ENM Morphology Characterization.   
The thickness of the heat treated membrane was measured using a micrometer screw 
gauge ((Mitutoyo, Japan). The morphology of the electrospun fibers was observed using 
a field-emission scanning electron microscope (FESEM) (Quanta 200F, FEI, USA) and the 
diameter of the nanofibers were determined from the FESEM image using the ImageJ 
software (http://rsb.info.nih.gov/ij/).  
 
7.2.3 Flux and Permeability.  
Circular polysulfone ENMs (PSU-ENMs) 40mm in diameter were stamped out from the 
heat-treated electrospun PSU sheet for characterization and separation study using a 
simple dead-end filtration set-up shown in Figure 5.10. The effective membrane 
diameter was 25 mm. A dried membrane was placed in the membrane cell, which was 
filled with 200 ml of distilled water. The pressure was gradually increased and the 
corresponding water flux measured. Feed pressure was measured using a digital 
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pressure gauge (3900 MeriGauge™, Meriam Process Technologies, USA). In addition, a 
reservoir gas tank was used between the gas cylinder and the permeation cell for better 
control of feed pressures below 5 psi. The time taken for each permeate collected was 
measured using a standard stopwatch (Casio, Japan) and rounded to the nearest second. 
The weight was measured using a laboratory electronic weighing balance (accuracy: 
0.001g). 
 
7.2.4 Pore-size distribution.  
The pore-size distribution of the PSU-ENM was determined using a capillary flow 
porometer (Porous Materials Inc, USA). A wetting liquid, Galwick™ (Porous Materials In, 
USA) was applied to spontaneously fill the pores in the ENM and differential pressure of 
nitrogen gas was slowly increased on the sample to remove the liquid within the pores 
and permit gas flow. The differential pressure and flow rates through dry and wet ENMs 
were measured. All the required pore structure characteristics such as pore-size at 
bubble point, mean flow pore and pore-size distribution were computed from the 
measured differential pressures and gas flow rates [33]. The relationship between the 
pore size and the corresponding pressure is given by the Young-Laplace equation: 
 









                                                     (1) 
 
where, R is radius of the pore, ΔP is differential gas pressure, γ is surface tension of 
wetting liquid, Galwick™ (γ = 15.9 dynes/cm)  and θ is wetting angle.  
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 7.2.5 Particle-challenge Test 
Polystyrene (PS) micro-particles of 0.1, 0.5, 1, 2, 3, 7, 8 and 10 µm in size were 
purchased from Sigma-Aldrich (USA). Each of the micro-particles were reconstituted in 
distilled water to prepare 100 ppm solution.   A calibration curve was determined for 
each micro-particle feed solution using Total Organic Carbon (TOC) Combustion Analyzer 
(Apollo 9000, Teledyne Tekmar, USA). 
 
Separation was carried out at a pre-set pressure using wetted ENMs. The flux of pure 
water was first determined, followed by the separation of 200 ml PS micro-particle 
solution. The first 2 ml of permeate was discarded and separation flux was subsequently 
measured for every 10 ml of permeate collected.  Presence of any PS micro-particles in 
permeate was detected via TOC Combustion Analyzer and the concentration was 
determined using the calibration curve. The separation experiment was stopped after 30 
ml of permeate was collected. The remaining PS solution was removed and the cell 
rinsed thrice, without removing the PSU-ENM. The cell was refilled with distilled water 
and the water flux was determined once again.  The separation factor (S.F) was 
determined using the formula below: 
 
                                      




                                (2) 
 
where Cpermeate and Cfeed are the PS solution concentration of permeate collected and the 
original feed respectively. In addition, the flux recovery after each separation, defined as 
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the ratio of the pure water flux after and before separation of a micro-particle X, was 
also determined (Equation 3).  
 











                             (3) 
 
7.3 Results & Discussions 
7.3.1 Characteristics of PSU-ENM 
A bead-free ENM was obtained by electrospinning 20% w/v PSU solution. The resultant 
morphology is shown in Figure 7.1. The ENM was approximately 135 um in thickness and 
comprised of fibers with an average fiber diameter of 470 nm. The pore-size distribution 
derived from the porometer run is shown in Figure 7.2 and the pressure-flux profile with 
distilled water in Figure 7.3. From the porometer study, it can be observed that the ENM 
comprised of pores less than 5 um each, which would make them suitable membranes 
for the removal of micro-particles. The properties of the generated PSU-ENM are 




Figure 7.1: Morphology of PSU-ENM  




























Figure 7.3: Pressure-Flux profile of PSU-ENM 
 
 
Table 7.1: Electrospinning conditions and membrane properties of PSU-ENM 
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7.3.2 Particle-challenge Test 
As the LEPw of the ENM was experimentally determined to be 1.80 psi, the initial 
separation experiments were carried out at 2 psi (above the LEPw). However the flow 
rate was too fast to obtain accurate measurements with the present equipment. By 
nature, electrospun nanofibers exhibit a very high contact angle when compared to a 
polymer film made from the same material due to their architecture. In this instance, 
PSU-ENM exhibited a contact angle of 140°, though phase-inversed polysulfone 
membranes generally exhibit a contact angle of around 70-80°. Thus, there was initial 
‘resistance’ for water to enter a completely dry ENM. Once the ENM was completely 
wetted however, the high porosity contributes to relatively large flow rates. Thus, the 
pressure had to be reduced to 0.5 psi to enable accurate measurements to be taken. 
 
Separation was carried out first with the 10 µm followed by 8 µm, 7 µm, 3 µm, 2 µm, 1 
µm, 0.5 µm and finally 0.1 µm. The membrane was not changed throughout this 
experiment to understand the effectiveness and as well as the reusability of the ENMs. 
The results of the experiments are summarized in Table 7.2 and the flux profile is shown 
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10* 1366 1962 1450 1964 144 >99 
8 1964 2209 2009 2492 127 >99 
7 2492 2577 2327 2824 113 >99 
3 2824 2194 1844 2376 84 92 
2 2376 1938 1626 1623 68 84 
1 1623 1069 672 1034 64 94 
0.5 1034 565 293 736 71 88 
0.1 736 271 107 626 85 89 
* PSU-ENM was unchanged from 10 to 0.1 um separation 
 
1st permeate of 1 um
Water Flux after 2 um
3rd permeate of 2 um
2nd permeate of 2 um
1st permeate of 2 um
Water Flux after 3 um
3rd permeate of 3 um
2nd permeate of 3 um
1st permeate of 3 um
Water Flux after 7 um














2nd permeate of 7 um
1st permeate of 7 um
Water Flux after 8 um
3rd permeate of 8 um
2nd permeate of 8 um
1st permeate of 8 um
Water Flux after 10 um
3rd permeate of 10 um
2nd permeate of 10 um
1st permeate of 10 um














Water Flux after 0.1 um10
3rd permeate of 0.1 um9
2nd permeate of 0.1 um8
1st permeate of 0.1 um7
Water Flux after 0.5 um6
3rd permeate of 0.5 um5
2nd permeate of 0.5 um4
1st permeate of 0.5 um3
Water Flux after 1 um2
3rd permeate of 1 um1
























Figure 7.4: Flux profile of PSU-ENM obtained during particle-challenge test 
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The separation experiment was designed to give insight to the following: How effective 
is the PSU-ENM to remove micro-particles? Is there a limiting particle size beyond which 
it fails?  
 
From the results obtained, it can be seen that the separation factor for 10, 8 and 7 µm 
particle solution was well above 99%. There were bound to be some losses of particles, 
which may have occurred during the transfer of permeate into the sample holder, during 
the TOC analysis. Hence it may be reasonable to assume that the separation factor was 
100%. This implies that the PSU-ENM was successful in rejecting these micro-particles.  It 
was also observed that the final flux recoveries for 10, 8 and 7 um micro-particles were 
well above 100%. One possible reason for the increase in water flux between 10, 8 and 7 
um could be the opening of several smaller pores within the PSU-ENM that were not 
‘opened’ during the initial water flux study.  
 
A noteworthy observation was that although there was a drop in flux during the 
separation of 10 to 7 um micro-particle, there was still full flux recovery. This implies 
that the PSU-ENM did not retain the micro-particles on its surface or within its structure 
permanently. It acted as a screen filter. The particles were larger than the bubble-point 
of the PSU-ENM; their size prevented them from entering and/or passing through the 
pores or openings. Adsorptive forces, though present were small in magnitude and the 
stirring in the membrane module was sufficient to lift the PS micro-particles from the 
surface of the PSU-ENM and prevent them from accumulating on its surface irreversibly. 
The minimal washing applied was also sufficient to completely regenerate the PSU-ENM 
and no permanent flux drop was observed at the end of 10, 8 and 7 um separation run.  
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From the onset of the 3 um separation a drop in flux recovery was observed. The 
separation factor for 3 um dropped to 92%. This was anticipated as PSU-ENM had a 
bubble point of 4.6 um and hence some 3 um particles could pass through the ENM and 
were thus detected in permeate collected. The drop in flux observed was most probably 
due to entrapment of the particles within the larger pores. The simple cleaning process 
employed was not strong enough to dislodge the trapped particles and hence the flux 
recovery was only 84%. However, since only a limited number of pores with dimensions 
larger than 3 um were present in the ENM, the separation factor was still relatively high.  
 
The most severe drop in flux was noted during the 2 um separation run. The flux 
reduction was instantaneous at the onset of the experiment and a permanent drop in 
flux was observed at the end of the experiment. This indicated that the PSU-ENM was 
permanently fouled; most probably a cake-layer was formed on the membrane surface. 
Incidentally, the mean flow pore size of the ENM was 2.1 um. This implies that 50% of 
the flow was through pores larger than 2.1 um and 50% of flow was through pores 
smaller than 2.1 um. Thus the 2 um particles were able to enter the ENM with relative 
ease as more than 50% of the pores in the ENM were greater than 2 um.  This could 
have contributed to the instantaneous drop in flux.  
 
There was another significant drop in flux after the 1 um separation run as well. This 
implies that the bottle-neck for the PSU-ENM was in the 2 to 1 um region. The velocity 
of particle migration away from the membrane surface seemed to be at its lowest for 2 
and 1 um particles in this study.   
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The separation of 1 um was also most probably affected by the presence of 2 um 
particles left on/within the membrane in the previous run and hence it showed a higher 
separation factor than the 2 um particles, even though all the pores in the PSU-ENM 
were found to be larger than 1 um. Consequently, the subsequent separation of 0.5 and 
0.1 um particles were affected by the permanent fouling on the PSU-ENM by the 2 and 1 
um particles and thus are not reflective of the true nature of the selectivity of PSU-ENM 
to particles smaller than 1 um. Figure 7.5 shows the top (Figure 7.5a and 7.5b), cross-
section (Figure 7.5c) and bottom (Figure 7.5d) of the PSU-ENM at the end of the entire 




Figure 7.5: PSU-ENM after particle-challenge test (a) top surface (b) top surface, (c) cross-section and (d) 
bottom surface. 
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From the micrographs, it can be observed that the ENM surface was completely covered 
by a dense cake-layer of PS micro-particles. The fouling was confined to the top surface 
only and not within the membrane (Figure 7.5c). It appears that the PSU-ENM behaved 
as a screen filter in this instance. From the FESEM micrographs, it was found that the 
particles found on the top surface were predominantly 0.1 and 0.5 um. It is most 
probable that these particles were deposited on the cake-layer formed by the 2 and 1 
um particles in the preceding runs. This was the contributing factor for the high 
separation factor achieved for the 0.5 and 0.1 um particles, even though both particles 
were much smaller than the pores present in the PSU-ENM. 
 
7.3.3 Separation of 1, 0.5 and 0.1 um PS micro-particles 
To better understand the performance and selectivity of the PSU-ENM for 1, 0.5 and 0.1 
um, another separation study was conducted. A fresh membrane was used for each 
separation experiment. The flux profile obtained is shown in Figure 7.6 and the 




Figure 7.6. Flux profile of PSU-ENM during (a) 0.1 um, (b) 0.5 um and (c) 1.0 um particle separation 
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1 2284 1000 538 675 30 92 
0.5 2462 1867 1433 1120 45 47 
0.1 2772 2667 2438 2684 97 14 
 
As postulated, the PSU-ENM surface (Figure 7.7a) was severely fouled by the 1 um PS 
particles. The particles only seemed to be confined to the surface, forming a cake-layer. 
No particle was found within the membrane (Figure 7.7b), or at the bottom surface of 
the membrane (Figure 7.7c). Thus, the sharp drop in flux (Figure 7.6c) and the high 
separation factor was due to the cake-layer formed. 
     
 
 
Figure 7.7: PSU-ENM after 1.0 um particle separation (a) top; (b) cross-section and (c) bottom surface. 
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In the separation of 0.5 um, the flux was observed to decrease with time and the 
membrane was permanently fouled (Figure. 7.6b). PS micro-particles were seen on the 
surface (Figure 7.8a) and within (Figure 7.8b) the PSU-ENM. The bottom surface (Figure 
7.8c) was relatively free of micro-particles. In this instance, the PSU-ENM is acting as a 
depth filter. The 0.5 um particles entered the membrane readily and were attracted 
onto the surface of each nanofiber in the ENM as they were carried across by the feed 
stream.  




Figure 7.8: PSU-ENM after 0.5 um particle separation (a) top; (b) cross-section and (c) bottom surface. 
 
Likewise for the 0.1 um separation, the PS micro-particles were strongly attracted to the 
surface of the nanofibers (Figure. 7.9a) in the ENM. The ‘pores’ in the membrane were 
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fairly unobstructed by the 0.1 um particles attached to the surface of nanofibers. As a 
result, the flux was relatively constant throughout the separation study and the 
separation low (Table 7.3). 




Figure 7.9: PSU-ENM after 0.1 um particle separation (a) top; (b) cross-section and (c) bottom surface. 
 
The attraction of these sub-micron particles onto the surface of the nanofibers can occur 
by numerous mechanisms: direct interception, inertial impaction and diffusion. Direct 
impaction occurs when a particle collides head-on with one of the fibers. Inertial 
impaction results if the particle in the fluid stream fails to negotiate the tortuous path 
presented by the random fiber in the membrane, collides with and adheres to a fiber. 
Diffusion (Brownian Motion) occurs when extremely small particle ‘flow through’ the 
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membrane regardless of fluid flow, where they are likely to be retained by adsorptive 
forces.  Such Brownian movement is typical of particles less than 1um [61]. 
 
7.4 Conclusions 
The experiments carried out above, show that the ENMs can be successfully employed 
as filters for the removal of micro-particles, changing from a screen filter to a depth filter. 
When the micro-particles are larger than the pores within the ENM, the membrane acts 
as screen filter and no fouling was observed. The ENM was most severely and 
irreversibly fouled when separating 2 and 1 um, which corresponded to the mean flow 
pore diameter of the ENM. However, to fully understand this phenomenon, more tests 
are required.  
 
When sub-micron particles were separated, they tend to get attracted to the surface of 
the nanofibers and thus the ENM acts a depth filter. The above findings highlight the 
potential of ENMs as barrier materials in separation technology. With better 
understanding of their separation behavior, efficient pre-filters can be designed and 
developed, taking advantage of their large internal surface area. Such pre-filters can be 
used in various applications such as removal of micro-particles from waste-water and 
with ultrafiltration or nanofiltration membranes, to prolong the life of these membranes 
 
The particle-challenge test also highlighted the robustness of the ENMs. Throughout the 
test, the membrane was structurally intact. More importantly, the separation results 
obtained and the properties of ENM determined through the characterisation methods 
employed had high correlation. This indicates that the characterization techniques 
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employed proved to be an accurate means to predict the performance of an ENM with 
respect to size-exclusion separation processes.  
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Chapter 8 
ENMs based TFC membranes     
 
8.1 Expanding the use of ENMs in Separation Technology 
Based on the results obtained thus far in this study, it can be deduced that to further 
reduce the bubble-point for ENMs, well below 1um – the thickness of the ENM should 
be increased significantly. Although, in theory, the spinning of finer fibers should allow 
for closer packing, this is not evidently true for electrospun fibers as they carry surface 
charge and will tend to ‘repel’ each other. Electrospinning a thicker mat is also not 
desirable as it may pose a hindrance to flow. Like with phase-inversed membranes, the 
more economical way to make such ‘tight’ filters would be to develop an asymmetric 
structure. For ENMs, this can be achieved via surface modification techniques. By 
adopting surface modifying techniques, the surface chemistry can also be tailored to suit 
the application. 
 
In this laboratory, there have been several attempts to engineer the top surface of the 
ENM to enable the reduction of the pore size, without losing the advantageous high 
porosity within the fibrous network. One successful approach was graft co-
polymerization of poly(methacrylic acid), PMMA. This work was done together with 
another graduate student and is not discussed within this thesis. In that study, through 
grafting, a PVDF-ENM bubble-point was reduced from 3.6 um to 0.88 um and the 
contact angle became zero [62]. When compared to a commercial PVDF membrane of 
similar pore-size distribution, it was found that the flux for the PMAA-grafted ENM was 
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higher. This indicated that through grafting, it is possible to develop high flux ENMs with 
reduced pore size. 
 
However, to further reduce the pore-size to that suitable for nanofiltration, the above 
approach was not feasible as excessive grafting weakened the ENM surface. Thus, 
another route was proposed: Interfacial polymerisation. 
 
8.2 Interfacial polymerisation   
Interfacial polymerisation is the preferred route to the synthesis of thin-film composite 
(TFC) membranes for RO and NF membrane filters. A TFC membrane essentially 
comprises of a bilayer film formed over a microporous support. Developing TFC 
membrane through this approach has significant advantages over traditional phase 
inversion technique to generate the same pore-size distribution.  In TFC membrane each 
individual layer can be optimized for its particular function: (1) the thin film layer can be 
optimized for the desired combination of solvent flux and solute rejection, and (2) the 
microporous support layer can be optimized for maximum strength and compression 
resistance combined with minimum resistance to permeate flow. 
 
 The film is formed when polymerisation occurs at the interface between two immiscible 
solvents, which contain the reactants. The most significant of these is the formation of a 
polyamide layer on a polysulfone membrane. The traditional approach is first to 
immerse a phase-inversed PSU ultrafiltration membrane in an aqueous diamine solution, 
remove excess water and then bringing the saturated support  in contact with an organic 
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phase containing acylchloride [63]. This results in the formation of a polyamide layer on 
top of the PSU membrane.  
 
Early research in the 1960s had concluded that interfacial polymerization occurs in the 
organic phase [64]. This implies that diamine must diffuse across the water/organic 
solvent interface to make reactive contact with acylchloride. Reaction does not take 
place in the water phase, because a highly unfavourable partition coefficient for 
acylchloride limits its availability in the aqueous phase. For film thickness to build up, 
amine must continually cross the water-organic interface, diffuse through the polyamide 
layer already formed, come into contact with acylchloride in the organic solvent side of 
the polyamide layer.  
 
In this study, an attempt was made to evaluate the feasibility of carrying out interfacial 
polymerisation and generate a polyamide layer on PSU-ENMs to develop a new class of 
TFC membranes. The experiments were designed to give insight to the following: (1) Can 
a TFC-ENM be produced via interfacial polymerisation even though the pores on the 
ENM surface are substantially larger than those of UF membranes traditionally used, and 
(2) What parameters affect the film formation?  
 
8.3 Materials and Methods 
8.3.1 PSU-ENM Processing 
Twenty percent w/v PSU (Mn 26000, Aldrich, USA) was prepared in N,N-
Dimethylformamide (Sigma-Aldrich, USA). A syringe pump (Fisher Scientific, USA) was 
utilized to supply a constant flow of 4ml/hr polymer solution during electrospinning. A 
Chapter 8: ENM based TFC 
110 
voltage of 12kV (Gamma High Voltage Research Inc., USA) was applied to draw 
nanofibers from the prepared solution. The fibers were collected on a grounded 10 cm 
square Aluminum plate. To increase the structural integrity of the as-spun nanofibrous 
membrane, post heat treatment was carried out at 188 °C for 3 hrs. 
 
8.3.2 Formation of polyamide layer on PSU-ENM 
8.3.2.1 Reagents 
The reagents p-phenylenediamine, (p-PDA) and 1,3,5 – benzenetricarbonyl trichloride 
(TMC), analytical grade (99%) hexane and sodium hydroxide (NaOH) were purchased 
from Sigma-Aldrich.  An aqueous solution containing 1% (w/v) of p-PDA and an organic 
solution of 0.1% (w/v) TMC in hexane were prepared. A reaction between p-PDA 
(aqueous phase) and TMC (organic phase) as shown in Figure 8.1, will result in the 
formation of a polyamide layer  
 
Figure 8.1: Schematic representation of reaction between TMC and p-PDA 
 
8.3.2.2 Methodology 
Polysufone ENM was secured onto a glass plate and immersed in 1% p-PDA solution for 
2hr. At the end of immersion, the ENM was drained vertically and excess solution from 
its surface was removed. The surface of the saturated ENM was then exposed to 0.1% 
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TMC solution for 1, 5 or 10min. At the end of the reaction, the ENM was drained 
vertically and left to dry overnight for the formed thin film to adhere to its surface. TFC-
ENM was washed with copious amounts of DI water the following day to remove any 
unreacted chemicals or loose films and subsequently oven dried at 70 °C for 2hr. 
  
8.3.3 Characterisation  
The surface morphology of the PSU-ENMs were observed using a field-emission scanning 
electron microscope (FESEM) (Quanta 200F, FEI, USA). 
 
8.4 Results I 
8.4.1 Film formation  
All membranes exhibited a purplish tint on the surface that was exposed to the 
reactants and the bottom of the ENM retained its pristine white appearance. Figure 8.2 
shows the extent of film formation on the ENM after being exposed for 1min in 0.1% 
TMC solution. From the micrographs it can be seen that a complete polyamide film was 
not formed on the ENM. Patches of films can be observed on the ENM. When the ENM 
was rinsed, many ‘flakes’ of film were observed being ‘washed’ off the ENM.  
 




Figure 8.2: FESEM micrograph of ENM after 1min expose to 0.1% TMC at (a) 800x and (b) 8000x 
magnification. 
 
Increasing the reaction time to 5min was also not sufficient to produce a complete film 
(Figure 8.3) over the entire surface of the ENM, although the extent of film formation 




Figure 8.3: FESEM micrograph of ENM after 5min expose to 0.1% TMC at (a) 1000x and (b) 12000x 
magnification. 
 
Further increase in reaction time to 10min, saw a significant increase in the film 
formation (Figure 8.4). A very thin layer of film seems to be adhered to the top of the 
ENM but the thickness of the film is hard to determine (Figure 8.4b) using the current 
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instruments within the laboratory. At closer inspection, very tiny holes could be 




Figure 8.4: FESEM micrograph of ENM after 10min expose to 0.1% TMC (a) Top surface at 1000x, (b) cross-
section, (c) top surface at 6000x and (d) top surface at 24000x magnification. 
 
8.5 Discussion I 
The above three experiments seem to suggest that the traditional approach of making a 
TFC may not be the right route for ENMs. Increasing the reaction time did not improve 
the film quality as after a certain time, no new film will be formed as the polyamide layer 
formed will hinder the diffusion of the diamines through the polyamide layer to react 
with the acylchlorides. 
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It is postulated that the primary bottleneck could be the apparent hydrophobicity of 
PSU-ENM. It has been observed that electrospun PSU fibers exhibit a high contact angle, 
as shown in Figure 5.6. It does not readily absorb water. As a result, the surface property 
of the as-spun ENM may not favour the retention of sufficient or adequate p-PDA on its 
surface even after 2hr immersion.  The p-PDA was not able to penetrate within the ENM 
and thus formation of the polyamide film cannot extent into the ENM. When the 0.1% 
TMC solution was poured over a solution of 1% p-PDA, a film was successfully formed at 
1, 5 and 10min. This highlights the inability to form on the ENM is attributed to the lack 
of p-PDA on the ENM surface. 
 
8.6 Proposed New Method: Approach B 
It was postulated that for forming a thin film through interfacial polymerisation on an 
ENM, it might be a better approach to immerse the ENM in the organic phase first. In 
traditional TFC membrane formation this route is not feasible as phase inversed 
membranes are stored ‘wet’ in water to prevent the pores from collapsing, hence it is 
not desirable to immerse the membranes in organic phase and thus not attempted to 
the knowledge of the author. However, with ENMs, the nature of the fibers may in fact 
promote the need for a new method and was explored in this study. 
 
8.6.1 Methodology 
The PSU-ENM was secured onto a glass plate and immersed in 0.1% TMC solution for 3 
min. At the end of immersion, the ENM was drained vertically and excess solution from 
its surface was removed. The surface of the saturated ENM was then exposed to 1.0% p-
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PDA solution for 1, 5 or 10min. At the end of the reaction, the ENM was drained 
vertically and left to dry overnight for the formed thin film to adhere to its surface. TFC-
ENM was washed with copious amounts of DI water the following day to remove any 
unreacted chemicals or loose films and subsequently oven dried at 70 °C for 2hr. 
 
8.6.2 Film formation: Results & Discussion 
There was significant difference in carrying out interfacial polymerisation using 
Approach B instead of the traditional method. Even after 1min exposure (Figure 8.5), the 
film formation was much more extensive compared to Figure 8.2. With the reaction time 
increased to 5min, there was more polyamide film covering the ENM with occasional 
tear on the film (Figure 8.6) observed. However in both instances, there were still some 
areas not covered by the polyamide film, indicating that the reaction time was 




Figure 8.5: FESEM micrograph of ENM after 1min expose to 1% p-PDA at (a) 1200x and (b) 5000x 
magnification. 
 




Figure 8.6: FESEM micrograph of ENM after 5min expose to 1% p-PDA at (a) 1500x and (b) 6000x 
magnification. 
 
After 10min reaction, the ENM was completely covered with the polyamide layer. At first 
instance, under low magnification (Figure 8.7a) it seemed like there were ‘holes’. 
However, it was revealed that the film was indeed still covering the ENM, only it was 
embedded within. Unlike with Method A, there were no ‘holes’ seen along the length of 
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8.7 Conclusion 
The traditional approach of immersing a support membrane first in an aqueous phase 
and then an organic phase to generate a TFC membrane was not viable when dealing 
with electrospun membranes like PSU, who tend to exhibit ‘increased’ hydrophobicity.  
 
Contrary to popular belief, it was discovered that the pore-size was not the bottle-neck 
but the surface energy of the ENM that inhibited the formation of a polyamide layer on 
ENMs. There was significant difference in carrying out interfacial polymerisation using 
the proposed method instead of the conventional method. Using the same reagent 
concentrations of 1.0% p-PDA and 0.1% TMC and the same reaction times, the film 
formation was much more extensive with the proposed approach in all instances.  This 
validates the hypothesis that the formation of polyamide layer on PSU-ENM was indeed 
hindered by the surface energy of the ENM. Thus, the proposed method provides a 
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Chapter 9 
Influence on reaction parameters on polyamide formation on ENMs      
 
9.1 Requirements on forming a polyamide layer on ENM surface 
In interfacial polymerization, the polyamide layer is formed when polymerisation occurs 
at the interface between two immiscible solvents, which contain the reactants. Thus it 
becomes critical that the support membrane retain sufficient reactants throughout its 
surface to ensure an even and complete film to be formed. As seen in Chapter 8, using 
the conventional approach, it was not feasible to produce an effective, defect-free 
polyamide layer. However, the new proposed reaction route was successful in 
generating a polyamide layer on ENMs. In the study, the effect of the reaction 
parameters on film formation using the proposed approach was investigated. The 
concentration of reagent was varied and its effect, together with reaction time, on film 
formation was studied. 
 
9.2 Materials and Methods 
9.2.1 PSU-ENM Processing 
Twenty percent w/v PSU (Mn 26000, Aldrich, USA) was prepared in N,N-
Dimethylformamide (Sigma-Aldrich, USA). A syringe pump (Fisher Scientific, USA) was 
utilized to supply a constant flow of 4ml/hr polymer solution during electrospinning. A 
voltage of 12kV (Gamma High Voltage Research Inc., USA) was applied to draw 
nanofibers from the prepared solution. The fibers were collected on a grounded 10 cm 
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square Aluminum plate. To increase the structural integrity of the as-spun nanofibrous 
membrane, post heat treatment was carried out at 188 °C for 3 hrs. 
 
9.2.2 Formation of polyamide layer on PSU-ENM 
The reagents p-phenylenediamine, (p-PDA) and 1,3,5 – benzenetricarbonyl trichloride 
(TMC), analytical grade (99%) hexane and sodium hydroxide (NaOH) were purchased 
from Sigma-Aldrich.  An aqueous solution containing 1% (w/v) of p-PDA and an organic 
solution of 0.1%, 0.5% and 1.0% (w/v) TMC in hexane were prepared.  
The PSU-ENM was secured onto a glass plate and immersed in TMC solution for 3 min. 
At the end of immersion, the ENM was drained vertically, excess solution from its 
surface removed and the surface of the wet ENM exposed to 1% p-PDA solution for 
1,3,5,7 or 10 min. At the end of the reaction, the ENM was drained vertically and left to 
dry overnight for the thin film to adhere to its surface. The ENM was washed with 
copious amounts of DI water the following day to remove any unreacted chemicals or 
loose films and subsequently oven dried at 70 °C for 2hr. The experiment was repeated 
for each TMC concentration. 
 
9.2.3 Characterisation  
The surface morphology of the PSU-ENMs was observed using a field-emission scanning 
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9.3 Results and Discussion 
9.3.1 0.1% TMC Concentration 
After immersing the ENM in 0.1% TMC, the ENM was exposed to 1.0% p-PDA solution 
for 1, 3, 5, 7 and 10min. As seen in Figure 9.1 there was substantial film formation even 
after 1min reaction time. However, there were still some tear on the film surface and 
the film appeared too thin, indicating that the reaction time was insufficient to form a 




Figure 9.1: FESEM micrograph of ENM after 1min reaction with 0.1% TMC and 1% p-PDA at (a) 6000x and 
(b) 12000x magnification. 
 
When the reaction time was 3 min, the film formed covered the entire ENM but there 
were many holes seen on the film along the length of the fiber surface (Figure 9.2). The 
film was fairly thin as the fibers below the film were still visible. The film had a rather 
‘flaky’ appearance and seemed to have a ‘rougher’ appearance around and on the fiber 
surface.  




Figure 9.2: FESEM micrograph of ENM after 3min reaction with 0.1% TMC and 1% p-PDA at (a) 1200x and 
(b) 5000x magnification. 
 
As the time increased to 5 min, the fibers below the film became less visible. There were 
occasional holes seen along the fibers (Figure 9.3). A point to note is that when 
compared to Figure 8.6, there seemed to be better coverage, even though the reaction 
conditions and method were the same. In close inspection (Figure 9.4), it can be seen 
that the film formation in that instance, seemed to have initiated from within the ENM 
and not from its top most surface, as that of Figure 8.8. This difference is most likely due 
to the excessive removal of the TMC solution in Figure 8.6. Probably, more TMC solution 
was removed from the ENM, leaving the topmost surface void of solution. Thus, film 
formation started from within the ENM. In the present experiments, extra precaution 
was taken to prevent drying of the topmost surface.   
 




Figure 9.3: FESEM micrograph of ENM after 5min reaction with 0.1% TMC and 1% p-PDA at (a) 1500x and 




Figure 9.4: Effect of removal of TMC solution on film formation (a) top surface still wet and (b) excessive 
removal leaving top surface almost dry. 
 
The film formed with 7min reaction time appeared much denser than previous attempts 
(Figure 9.5). In general, although ‘holes’ seem to appear on the FESEM, majority do not 
seem to puncture through the surface of the film. However, there is a possibility that the 
film was ‘burnt’ by the intensity of the FESEM beam. At times, during the capture of the 
image, more ‘holes’ appeared.  




Figure 9.5: FESEM micrograph of ENM after 7min reaction with 0.1% TMC and 1% p-PDA at (a) 10000x and 
(b) 20000x magnification. 
 
As before, with 10min reaction time, a very dense film was formed on the ENM (Figure 
9.6). There were microscopic ‘indentations’ on the film along the fiber length that 




Figure 9.6: FESEM micrograph of ENM after 10min reaction with 0.1% TMC and 1% p-PDA at (a) 10000x 
and (b) 20000x magnification. 
 
9.3.2 0.5% TMC Concentration 
The experiment was repeated with 0.5% TMC concentration. At 1min reaction, once 
again there were many microscopic tear throughout the film (Figure 9.7). Close 
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inspection reveals the film having a rather grain-like appearance (Figure 9.7b). Most 
likely, the reaction was insufficient and the film being very thin could have easily 
shattered during the handling of the ENM at rinsing. 
 
 
Figure 9.7: FESEM micrograph of ENM after 1min reaction with 0.5% TMC and 1% p-PDA at (a) 6000x and 
(b) 24000x magnification. 
 
When the reaction time was 3min, there was a drastic change in the film appearance 
(Figure 9.8). Compared to using 0.1% TMC solution (Figure 9.2) this TFC-ENM had by far 
the most rough/flaky appearance. Upon visual inspection, it appeared that the film 
formed on the ENM had creased upon itself. This most likely occurred during the 
draining of the excess solutions, as it was carried out vertically. The film formed may not 
have been dense enough to prevent movement relative to the ENM in its wet state. 
Once the ENM was heated after the reaction, the film may have fused together, giving 
rise to this appearance.  
 




Figure 9.8: FESEM micrograph of ENM after 3min reaction with 0.5% TMC and 1% p-PDA at (a) 6000x and 
(b) 12000x magnification. 
 
When the reaction was carried out for 5min, a much even film coverage across the ENM 
was observed (Figure 9.9). At higher magnification (Figure 9.9b), there appeared to be 




Figure 9.9: FESEM micrograph of ENM after 5min reaction with 0.5% TMC and 1% p-PDA at (a) 3000x and 
(b) 20000x magnification. 
 
As the reaction time was further increased to 7 and 10min, the film took on a more 
uniform appearance. The film formed at 7min (Figure 9.10) appeared much denser than 
that at 5min but less than that at 10min (Figure 9.11). The tendency to form creases on 
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the film tends to reduce with increased time, implying a more rigid film being formed. In 
general, there were no ‘holes’ seen along the fiber length when using 0.5% TMC as 




Figure 9.10: FESEM micrograph of ENM after 7min reaction with 0.5% TMC and 1% p-PDA at (a) 5000x and 





Figure 9.11: FESEM micrograph of ENM after 10min reaction with 0.5% TMC and 1% p-PDA at (a) 2400x 
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9.3.3 1.0% TMC Concentration 
As the TMC concentration was further increased to 1.0%, the nature of the film formed 
saw a significant change. Even at 1min, there was extensive film coverage (Figure 9.12) 




Figure 9.12: FESEM micrograph of ENM after 1min reaction with 1.0% TMC and 1% p-PDA at (a) 2500x and 
(b) 20000x magnification. 
 
With 3min reaction, again the film seemed to have an appearance of having creased 




Figure 9.13: FESEM micrograph of ENM after 3min reaction with 1.0% TMC and 1% p-PDA at (a) 800x and 
(b) 24000x magnification. 
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At low magnification, the film formed at the end of 5min, appeared very rough (Figure 
9.14). However, at high magnification, it appeared less so. It appears that the film 




Figure 9.14: FESEM micrograph of ENM after 5min reaction with 1.0% TMC and 1% p-PDA at (a) 6000x and 
(b) 12000x magnification. 
 
At 7min reaction time, the fibrous network of the ENM was completely screened by the 
film formed (Figure 9.15a). The film had an extremely rough surface (Figure 9.15b). It 
appeared like the film was folding onto itself and there seemed to be many ‘crater’- like 
assemblies made by the films. 
  




Figure 9.15: FESEM micrograph of ENM after 7min reaction with 1.0% TMC and 1% p-PDA at (a) 1000x and 
(b) 6000x magnification. 
 
As the time increased to 10min, the film took on a less rough appearance (Figure 9.16). 
The fiber architecture was still visible. However, the film appears less rough than that 
observed at 7min.  
 
 
Figure 9.16: FESEM micrograph of ENM after 10min reaction with 1.0% TMC and 1% p-PDA at (a) 1000x 
and (b) 15000x magnification. 
 
At first instance, it may seem like the film formed at the end of 7min was greater than 
10min and thus it was able to mask the fiber architecture. However, this cannot be the 
case. Even if the polyamide layer reached its maximum thickness and acted as a barrier 
for the diffusion of reactants, it would result in the same film thickness. 
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The most probable cause for the difference is due to the amount of TMC left on the 
ENM before being exposed to p-PDA. When the surface of the ENM retains a layer of 
TMC solution above its surface, the polyamide layer is formed much above the ENM 
surface and that gives rise to a very different morphology. Whereas, should the TMC 
solution be rolled off the surface such that there is no significant layer above the ENM, 
the film appears to be formed at closer proximity of the fibers. This result in the film 
appearing more ‘embedded’ within the ENM. 
 
When the experiment was repeated for 7min and this time taking more precaution to 
remove TMC from the surface, a very different morphology was observed (Figure 9.17). 
This highlights another factor to consider when developing TFC-ENMs. 
 
 
Figure 9.17: FESEM micrograph of ENM after 7min reaction with 1% p-PDA after (a) excessive removal of 
1% TMC and (b) gentle removal of 1% TMC. 
 
9.4 Conclusion 
The feasibility of developing TFC-ENMs was explored and results obtained thus far are 
encouraging. The concentration of TMC and the reaction time all had a significant effect 
on the nature of the film formed on the ENM. Through the course of this study, the 
importance of controlling each step of the process was highlighted. For instance, the 
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amount of TMC solution left on the ENM before p-PDA was introduced made a 
significant difference in the morphology of the film formed. This would have an effect on 
the resultant TFC-ENMs performance. 
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Chapter 10 
Performance of TFC-ENMs 
 
10.1 Performance of TFC-ENMs 
Preliminary results indicate that through interfacial polymerization, a polyamide layer 
can be formed on the ENM. To assess if the developed TFC-ENM has a potential in 
separation technology, its ability to separate salts needs to be assessed. Based on the 
results obtained in Chapter 9, six different TFC-ENMs were selected and their 
performance studied. The objective of the study was to determine their potential in 
nanofiltration.  
 
10.2 Materials & Methods 
10.2.1 Preparation of TFC-ENM 
Twenty percent w/v PSU (Mn 26000, Aldrich, USA) was prepared in N,N-
Dimethylformamide (Sigma-Aldrich, USA). A syringe pump (Fisher Scientific, USA) was 
utilized to supply a constant flow of 4ml/hr polymer solution during electrospinning. A 
voltage of 12kV (Gamma High Voltage Research Inc., USA) was applied to draw 
nanofibers from the prepared solution. The fibers were collected on a grounded 10 cm 
square Aluminum plate. To increase the structural integrity of the as-spun nanofibrous 
membrane, post heat treatment was carried out at 188 °C for 3 hrs prior to the 
formation of polyamide layer. 
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Heat treated PSU-ENM was secured onto a glass plate and immersed in 1,3,5 – 
benzenetricarbonyl trichloride (TMC) solution. Three different concentrations of TMC 
were used:  – 0.1%, 0.5% and 1.0% TMC in hexane. At the end of immersion, the ENM 
was drained vertically, excess solution from its surface removed and the surface of the 
wet ENM exposed to 1% p-phenylenediamine, (p-PDA) solution for 7 or 10 min. These 
reaction times were selected as they provided adequate time for a stable film to be 
formed across the surface of the ENM as concluded from Chapter 9.  
 
At the end of the reaction, the ENM was drained vertically and left to dry overnight for 
the thin film to adhere to its surface. The ENM was washed with copious amounts of DI 
water the following day to remove any unreacted chemicals or loose films and 
subsequently oven dried at 70 °C for 2hr. Table 10.1 summarizes the 6 different 
membranes produced in this study. All reagents were purchased from Sigma Aldrich. 
 





p-PDA Concentration  
(%) 
Reaction Time  
(min) 
TF01_07 0.1 1.0 7 
TF01_10 0.1 1.0 10 
TF05_07 0.5 1.0 7 
TF05_10 0.5 1.0 10 
TF10_07 1.0 1.0 7 
TF10_10 1.0 1.0 10 
 
 
10.2.2 TFC-ENM Morphology Characterization.   
The thickness of the membrane was measured using a micrometer screw gauge 
((Mitutoyo, Japan). The morphology of the electrospun fibers was observed using a field-
emission scanning electron microscope (FESEM) (Quanta 200F, FEI, USA).  
Chapter 10: TFC-ENM Performance 
134 
10.2.3 Separation Experiment.  
Circular TFC-ENMs 40mm in diameter were stamped out from the heat-treated 
electrospun PSU sheet for separation study using the filtration set-up shown in Figure. 
10.1. The effective membrane diameter was 25 mm. Each TFC-ENM was first compacted 
at 170 psig for 5 hrs with DI water prior to any separation study.  For each separation 
study, the TFC-ENM was placed in the test cell with the active skin layer facing the feed 
solution. The feed solution used was 0.1% MgSO4 or 0.1% NaCl. The separation was 
carried out at 100 psig. For each TFC-ENM prepared, the separation experiment was 
carried out thrice. 
 
Feed pressure was measured using a digital pressure gauge (3900 MeriGauge™, Meriam 
Process Technologies, USA). The time taken for each permeate collection was measured 
using a standard stopwatch (Casio, Japan) and rounded to the nearest second. The 




Figure 10.1: Schematic of filtration set-up 
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The flux (kg/m2h) was measured by weighing permeate and recording the time taken for 
collecting approximately 3ml of permeate. The first 2 ml of permeate was discarded, 
after which, 3 consecutive permeates were collection and analyzed. The solute rejection 
was determined by Equation 10.1.  
 














                                (10.1) 
 
Where p is the permeate conductivity, f is the conductivity of the feed solution. All 
measurements were taken using the Orion 3-Star Conductivity meter (Thermo Scientific, 
USA).  
 
10.3 Results and Discussion 
10.3.1 TFC-ENMs 
The developed TFC-ENMs were observed under SEM and are depicted in Figure 10.2 and 
Figure 10.3 for 7 min and 10 min reaction time respectively. All the membranes 
appeared to have a complete polyamide layer covering its surface. The characteristics of 
each developed TFC-ENM are summarized in Table 10.2 
 
 




Figure 10.2: FESEM micrograph of ENM after 7 min reaction with 1% p-PDA and (a) 0.1% TMC (b) 0.5% 





Figure 10.3: FESEM micrograph of ENM after 10 min reaction with 1% p-PDA and (a) 0.1% TMC (b) 0.5% 
TMC and (c) 1.0% TMC. 
 
 





p-PDA Concentration  
(%) 





TF01_07 0.1 1.0 7 36 
TF01_10 0.1 1.0 10 45 
TF05_07 0.5 1.0 7 32 
TF05_10 0.5 1.0 10 40 
TF10_07 1.0 1.0 7 30 
TF10_10 1.0 1.0 10 34 
 
10.3.2 Compaction of TFC-ENMs 
Each of the TFC-ENM prepared were placed in the filtration cell, holding 600 ml of DI 
water and subjected to 170 psig to test the structural integrity of the prepared 
membranes. The dry membrane was placed in the cell and the pressure increased slowly. 
It was found that the membranes prepared using 1.0% TMC solution – TF10_07 and 
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TF10_10 – were unable to withstand the high pressures. Even at 50 psi, the flux was 
extremely high to obtain accurate measurements and the cell became depleted quickly. 
The rest of the membranes were able to withstand and maintain a steady flux for the 
duration of compaction of 5 hrs.  
 
To verify the results, 5 samples of TF10_10 and TF10_07 were tested and all of them 
were unable to withstand the high pressures.  There were no visible signs of destruction 
on the TFC-ENMs before the experiment but there were some tear observed on both 
after being subjected to high pressures. It appears that membranes produced with high 
concentration of TMC were not structurally rigid. To better understand why this should 
manifest, detailed study on the chemical structure and properties of the film formed is 
needed. 
 
10.3.3 Salt Separation Results 
10.3.3.1 Effect of TMC concentration and reaction time 
As the TF10 membranes were unable to withstand high pressures, separation studies 
were carried out only on the TF01 and TF05 membranes. A feed solution of 0.1% MgSO4 
was used and separation was carried out at 100 psig. For each TFC-ENM, the separation 
experiment was carried out thrice and the average values are reflected in Table 10.3. 
 











TF01_07 100 17.9 ± 1.3 26.7 ± 2.5 
TF01_10 100 21.3 ± 1.5 24.8 ± 4.2 
TF05_07 100 6.1 ± 0.02 67.7 ± 1.2 
TF05_10 100 9.6 ± 0.13 69.1 ± 1.9 
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All the TFC-ENMs were able to show some salt rejection. At each reactant ratio, the 
difference in reaction time seemed to indicate little influence on the solute rejection 
capabilities of the TFC-ENMs (Figure 10.4). This could imply that the films formed after 




Figure 10.4: Effect of reaction time on solute rejection of TF05 and TF01 membranes. Separation carried 
out at 100 psig 
 
However there was a slight increase in the flux with increased reaction time (Figure 
10.5). This trend was observed for both the TF01 and TF05 group of TFC-ENMs. At this 
stage is really difficult to determine what the contributing factor for this increase is. This 
could be caused by the ENM support structure or the film layer.  
 




Figure 10.5: Effect of reaction time on flux of TF05 and TF01 membranes. Separation carried out at 100 
psig. 
 
When the TMC concentration increased from 0.1% (TF01 series) to 0.5% (TF05 series), 
there was a significant increased in solute rejection and significant decrease in the flux. 
Based on the observations on the film formed, it can be concluded that at 0.1% TMC 
concentration, the film obtained was thinner and less dense than that obtained with 
0.5% TMC and hence it produced less resistance to flow. This manifested in TF01 
membranes to have a much higher flux and lower rejection. Unfortunately, the thickness 
of the polyamide layer could not be accurately measured to correlate it to the data.  
 
10.3.3.2 Effect of pressure 
The separation test was carried out at a reduced pressure of 50 psig on the same 
membranes, using 0.1% MgSO4 as feed solution. The results obtained are tabulated in 
Table 10.4. 











TF01_07 50 10.2 ± 0.5 11.4 ± 1.8 
TF01_10 50 15.4 ± 1.1 13.1 ± 2.4 
TF05_07 50 4.2 ± 0.2 38.3 ± 1.8 
TF05_10 50 5.8 ± 0.05 37.3 ± 1.4 
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As anticipated, solute rejection decreased with a reduced pressure for both membrane 
series. Like with previous results, reaction time had no significant effect on solute 
rejection (Figure 10.6). With reduced pressure, the flux decreased and the TF05 




Figure 10.6: Effect of reaction time and feed pressure on solute rejection of TF05 and TF01 membranes. 
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10.3.3.3 Effect of solute 
To assess the influence of solute on separation, 0.1% NaCl was used as feed solution. 
Separation study was conducted on the TF05_10 membranes. These membranes were 
selected as they showed the highest rejection for their respective series for 0.1% MgSO4 
solution. The results obtained are tabulated in Table 10.5 and shown in Figure 10.8. 
 











TF05_10 20 1.5 ± 0.7 7.6 ± 1.6 
TF05_10 50 5.8 ± 0.1 24.2 ± 3.1 





       Figure 10.8: Effect of solute on separation using TF05 membranes. 
 
When the solute was changed to NaCl, the rejection rate decreased at each pressure 
compared to MgSO4 solution, although there was no significant change in flux. However, 
the decrease was not as significant as anticipated, even though Na+ and Cl- are 
monovalent ions. This indicates that the charge present on the TFC-ENM had a role to 
play in separation.  




Preliminary separation results indicate that the developed TFC-ENMS were able to show 
some form of rejection on divalent ions. With the TF05 membrane, MgSO4 rejection 
close to 70% was achieved. Although the rejection and flux obtained thus far are below 
those of commercial NF membranes, the results are nonetheless encouraging. This 
highlights the potential of TFC-ENMs. More research is needed to optimize the ENM as 
well as the film layer. The results obtained in this study have paved the way for 
continued research within the laboratory in developing TFC-ENMs beyond the author’s 
efforts. 
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Chapter 11 
Other Potential Applications     
 
11.1 Introduction 
The primary focus of the study thus far had been to explore the use of ENM in pressure-
driven separation systems. The influence of ENM architecture was studied in relation to 
the size-exclusion techniques. However, besides pressure-driven systems, there are a 
myriad other forms of separation systems that ENMs may find a potential use in. To 
evaluate the potential use of ENMs in separation technology, two case-studies were 
been conducted. The first case study was in affinity separation, as it was foreseen as a 
potential application of ENMs. The other was Membrane Distillation, as a result of the 
observations obtained during characterization. In both studies, 20% w/v PSU solution 
was used to generate the PSU-ENMs used in the exeperiments. 
 
11.2 Membrane Distillation 
Membrane distillation is a process whereby two liquid or solutions at different 
temperatures are separated by a porous membrane. Importantly, liquids or solutions 
must not wet the membrane otherwise the pores will be filled immediately as a result of 
capillary forces. The prime function of the membrane is to act as a barrier between the 
two phases. It is the only process which does not involve the membrane in separation 
[65]. Selectivity is completely determined by the vapour-liquid equilibria, while flux is 
directly dependent on membrane thickness. For aqueous systems, hydrophobic 
membranes such as PTFE, PVDF or PP are usually preferred as they possess low surface 
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energy to avoid wetting. The most critical factor of this type of membrane is the surface 
and overall porosity. 
 
11.2.1 Suitability of PSU-ENM 
From contact angle studies, PSU-ENM had high contact angle readings, suggesting that 
the membrane was highly hydrophobic. Simultaneously, the membrane was also porous 
in structure. These two features are highly desirable in developing a membrane for 
membrane distillation applications. However, the pressure drop across the membrane 
was observed to be low; hence it will be able to ‘support’ only a limited height of water. 
Nevertheless, a simple experiment was carried out to see if vapour transport could occur 
across the membrane, without solution passing through. 
 
11.2.2 Materials and Method 
Heat-treated PSU-ENM was placed over the opening of 5ml glass test-tube containing 
water and sealed (Figure 11.1a). The set-up was weighed at the start of the experiment. 
To set up a thermal gradient across the membrane to allow vapour transport, heated air 
(53°C, using Hakko Hot Air Gun) was blown across the inverted test-tube (Figure 11.1b). 
The heated air was blown for duration of 13 min. At the end of the experiment, the 
weight loss was again measured.  
 
 




Figure 11.1: (a) Prototype separation unit and (b) the experiment carried out. 
 
11.2.3 Results and Discussion 
At the start of the experiment (time = 0min) the weight of the set-up was 7.19 g. The 
weight at the end of the experiment (time = 13min) was measured to be 7.05 g. Thus 
there was a loss of approximately 0.14g of water in 13 min. Taking the membrane area 
to be 1.29 cm2 (based on the diameter of the test-tube = 1.2 cm), this will translate to a 
flux of about 5 kg/m2 hr. This value is comparable to those reported in literature using 
PVDF membranes [66]. Although the above was an extremely simplistic experiment, it 
shows the potential of using the electrospun membranes in membrane distillation. A 
proper test cell and apparatus has to be designed to further evaluate the potential of 
ENMs in membrane distillation. 
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11.3 Affinity Membrane 
The bottle-neck for phase-inversed membrane in affinity separation lies in the limitation 
of assessable chemically active sites in the membrane matrix for binding the ligand. The 
ligand density is also limited by the surface area the membrane possesses.  
  
It is believed that nanofibers can provide a much better solution towards building 
affinity membranes. By varying the process parameters, it should be possible to attain 
high surface area, while still maintaining a highly porous structure, without losing flux 
performance at low pressures. It is hoped that by using ENMs, a much larger surface 
area will be available for ligand immobilization, hence increasing the ligand capacity as 
compared to phase-inversed MF membranes presently used. 
 
In case of affinity membranes, it is necessary to possess hydrophilic groups on the 
surface, in particular with either a -COOH or- NH2  functional group (Figure 12.2). This 




Figure 11.2: Conceptual Models for Affinity membranes. 
 
In the remaining sections, surface modifications carried out on PSU-ENM and the 
outcome are discussed. 
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11.3.1 Materials and Methods 
11.3.1.1 UV-initiated grafting of -COOH 
An attempt was made to introduce –COOH groups onto the surface of PSU nanofibers 
via the grafting of methyl- methacrylate monomers (MAA) through UV initiation. The 
exposure time was varied. The experimental set-up is shown in Figure 11.3. To 
determine the COOH density a TBO test was conducted [67-69]. TBO (Sigma) is a blue 
dye that can bind to COOH functional groups. The bound dye can then be eluted from 





Figure 11.3: Schematic: UV-grafting of MAA 
 
 
11.3.1.2 Cerium ion initiated grafting 
Another method to introdued –COOH funtional is through Cerium ion initiated grafting. 
Air plasma treatment of PSU-ENM membrane was carried out with an electrode-less 
radio frequency glow discharge plasma cleaner (Harrick, PDC-001), for a duration of 5min 
at a radio frequency power of 30W. The air plasma treated material was immersed into a 
glass tube containing 10ml of 10vol% MAA aqueous solution (Sigma Aldrich), 0.4M H2SO4  
(Sigma Aldrich) and 0.073M ammonium cerium(IV) nitrate (Fluka). After being purged 
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with nitrogen, the tube was heated under 80oC for specified duration of time. The PMAA 
grafted PSU membrane was rinsed in 10mM NaOH solution for 6h to remove the 
unreacted monomer and homopolymer and finally rinsed in DI water for 24h.  The 
membrane was then subjected to TBO test to determine the –COOH concentration. The 






 ion initiated MAA grafting of PSU 
 
11.3.1.3  BSA-immobilized electrospun PSU membrane  
Using the grafted COOH as reactive sites, FITC-labelled Bovine serum albumin (BSA) was 
immobilized onto the PSU-ENM fiber surface. The FITC-labelled BSA was selected to 
enable the qualitative analysis using laser scanning confocal microscope (Leica TCS SP2). 
 
 To covalently attach FITC-labelled BSA molecules onto the PSU-ENM fiber surfaces, EDAC 
chemistry was employed. The PMAA grafted PSU membrane was immersed into 10ml 
MES (2-(N-Morpholino) ethanesulfonic  acid) buffer solution (0.1M, pH=5.0) containing 
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10mg/ml EDAC and 10mg/ml NHS under 4oC for 2h. The PSU-ENM was then rinsed with 
DI water, blotted with filtration paper, and immersed into a 20mg/ml BSA solution in PBS 
buffer (pH=7.4) and reacted for 24h under 4oC. The BSA grafted material was rinsed with 
DI water for 24h under continuous stirring to remove free BSA and weakly adsorbed BSA. 
To remove the strongly adsorbed BSA, the material was rinsed in 5% SDS solution under 
stirring for 10h, and then was rinsed by DI water for 24h under stirring. All the washing 
was performed under 37oC.  All materials were purchased from Sigma-Aldrich. 
 
11.3.2 Results and Discussion 
11.3.2.1 UV-initiated grafted PSU-ENM 
PSU-ENM was observed to absorb UV very readily. Strong staining was observed within 5 
mins. However, the morphology was greatly disturbed and hence this method proved 
not to be suitable for nanofiber modification.  
 
11.3.2.2 Cerium ion-initiated grafted PSU-ENM 
The use of Cerium ion in grafting proved to be effective for PSU-ENM. The morphology 
of the ENM was not greatly distorted as that observed with UV-initiated grafting. The 
graph of the resulting –COOH concentrations, with respect to reaction time, is shown in 
Figure 11.5.   From the graph, it can be seen that with time, the concentration increased. 
However, SEM images showed that with longer duration, the morphology of the 
membrane was changed. At the end of 2hrs, the fibers became more ‘wrinkled’ and 
rough (Figure 11.5c).  Thus for subsequent evaluation, the reaction time was capped at 
1hr. 




Figure 11.5: (a) Influence of reaction time on COOH density and the resulting morphology at (b) Time = 0 
hr, (c) Time = 1.0hr and (d) Time = 2.0 hr 
 
11.3.2.3 Case Study: Bilirubin removal 
Bilirubin is the waste product that results from the breakdown of hemoglobin molecules 
from worn out red blood cells. Ordinarily, it is excreted from the body as the chief 
component of bile. Excessive levels of bilirubin stain fatty tissues in the skin yellow; this 
condition is called jaundice. Very high levels in the bloodstream can cause permanent 
damage to certain areas of the brain in newborns. It occurs in higher concentrations in 
bloodstreams of patients suffering from hyperbilirubinemia and excessive levels must be 
removed. Bovine serum albumin (BSA) molecules contain active sites that can bind to 
bilirubin [70]. To test the function of the developed membranes for affinity separation, 
this BSA-Bilirubin model system was selected, to mimic a protein-ligand system. 
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Using the cerium ion grafted PSU-ENM (reaction time of 1 hr), FITC-BSA molecules were 
immobilised onto its surface. Figure 11.6 shows the confocal image obtained of the BSA 
immobilized PSU membrane and strong fluorescents along the fiber length can be seen. 














Figure 11.6: FITC-BSA grafted onto the PSU fiber mat, observed under confocal microscope 
 
Ordinarily when BSA combines with bilirubin, it gives off a fluorescence, which can be 
captured by confocal microscopy. Thus for separation evaluation the above described 
BSA immobilization was carried using unlabelled, non-fluorescent BSA molecules. The 
BSA immobilized PSU-ENM was then placed in 2mg/ml bilirubin solution for 6hrs. The 
membranes were then removed, rinsed thoroughly in DI water  and observed under 
confocal microscope. 
 
From the resulting image (Figure 11.7), it can be observed that BSA was successful in 
capturing bilirubin from the solution. The strong fluorescent along the fiber surface 
indicates this. Thus from qualitative observations, it could be seen that PSU-ENMs were 
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effectively surface modified, immobilized with a ligand (BSA) and able to capture its 












Figure 11.7: Bilirubin-BSA-PSU membrane. Fluorescence indicated successful binding of bilirubin onto BSA 
grafted electrospun PSU membrane 
 
11.4 Conclusion  
The above two application are just some immediate applications that manifested during 
the research. Each holds a promise that warrants some investigation to explore the 
viability of ENMs in other avenues of separation technology. Unfortunately, within the 
time-frame of this research there was insufficient time to explore but it is currently 
being studied and explored by other laboratory members. 
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Chapter 12 
Peculiarities of ENMs     
 
12.1 Introduction 
With any new research there is always an element of surprise. In some instances, 
something unexpected occurs that is beyond anything one could have anticipated and is 
hard to ignore. During the course of this research, there was one single observation that 
left a lasting impression on the author’s mind: the behaviour of ENMs in liquid Nitrogen. 
 
Generally, quenching materials in liquid Nitrogen makes the materials hard and brittle 
due to the extremely low temperature of liquid Nitrogen (-196 °C). In polymer systems, 
when the polymer is cooled below its glass transition (Tg) temperature, it will become 
rigid, brittle and fractures readily. This was the motivation of quenching PSU-ENM in 
liquid Nitrogen – to make the ENM brittle and fracture it. However, it remained flexible. 
This brought many questions to mind. Was this an isolated observation or true for all 
nanofibers? Is this due to the size, material or both? 
 
12.2 Quenching in Liquid Nitrogen: Observations 
A variety of polymers that were electrospun within the laboratory were immersed in 
liquid Nitrogen. The polymers were selected to cover a broad range: hydrophilic, 
hydrophobic, biodegradable, polymers with Tg above room temperature and polymers 
with Tg below room temperature. Each material was immersed for 3 min and then 
flexed to observe any change in its flexibility. The results are reflected in Table 12.1. 
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(after immersion in liquid Nitrogen) 
Regenerated Cellulose ENM 200 Fractures 
Nitrocellulose ENM - Flexible 
Cellulose Acetate ENM 67 Flexible  
PET ENM 70 Flexible 
PVA ENM 85 
Flexible 
(ballooning of ENM observed) 
PLLA/PCL ENM - Flexible  
PVDF ENM (non-heat treated) -35 
Flexible  
(ballooning of ENM observed) 
PVDF ENM (heat treated) -35 Flexible 
PSU ENM (non-heat treated) 190 
Flexible  
(ballooning of ENM observed) 
PSU ENM (heat treated) 190 Flexible  
PP phase-inversed membrane 
(Millipore, USA) 
-10 Fractures  
PES phase-inversed membrane 
(Millipore, USA) 
230 Fractures 
PET Film 70 Fractures 
PSU Film 190 Became rigid 
 
As seen from Table 12.1, it was not only PSU ENMs that exhibited flexibility in liquid 
Nitrogen. However, not all ENMs behave the same. Regenerated cellulose is the only 
ENM that fractured upon immersion. However, regenerated cellulose ENM was derived 
from the hydrolysis of cellulose acetate ENM. This singular deviation raised many more 
questions than provide any insight! From the results thus far, it can only be concluded 
that the Tg of the polymer is not the factor governing this phenomenon.  
 
At first, it was thought that the ENMs were not being ‘cooled’ down and it could be due 
to the Leidenfrost effect. The Leidenfrost effect is a phenomenon in which a liquid, in 
near contact with a mass significantly hotter than the liquid's boiling point, produces an 
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insulating vapor layer which keeps that liquid from boiling rapidly. However, even 
prolonged immersion, up to 3hr, in liquid Nitrogen, did not change the observations 
above. Furthermore, when non-heat treated ENMs were used, the ENM ‘ballooned” and 
inflated. This indicated that liquid Nitrogen was entering into the spaces and the 
expansion of Nitrogen gas caused the fibers to be pushed apart. However, when heat-
treated ENM was immersed, no ballooning was observed and this was another 
indication of the structural rigidity of the ENM. 
 
When conventional phase-inversed membranes, PVDF and PES (Millipore, USA), were 
quenched in liquid Nitrogen, they fractured readily. When a PSU and PET film, cast using 
the same solution as that used for electrospinning was quenched, they too fractured. 
Again, it seems to point that either the size effect, electrospinning or both influence the 
response to liquid Nitrogen. 
 
Out of curiosity, PP phased-inversed membrane was enclosed with a PSU-ENM and 
immersed in liquid Nitrogen. Simultaneously, a PP membrane was also placed directly 
into liquid Nitrogen. Surprisingly, even after 10min immersion time, the enclosed PP 
membrane was flexible whereas the PP membrane exposed directly to liquid Nitrogen 
became instantly brittle and fractured.  The experiment was repeated for PES phase-
inversed membrane and the exact same results were observed. This implied that 
something about the ENM was preventing the phase-inversed membranes from being 
exposed to the true temperature of liquid Nitrogen.  
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This raised another condition: what if the surface properties of the ENM were limiting 
the material from ‘freezing’ in liquid Nitrogen? The surface energy of the PSU-ENM was 
changed by wetting it with 70% Ethanol solution first. The wetted membrane was then 
placed in liquid nitrogen. This time the membrane became brittle and could be fractured. 
The resulting image under SEM is shown in Figure 12.1. There was too much fraying 







    
Figure 12.1: Liquid nitrogen quenched electrospun PSU membrane fracture 
 
12.3 Conclusion 
The above observations are very intriguing and indicate that a lot more detailed study is 
required to derive at any conclusions. Preliminary deductions seem to imply, at least in 
the experiments with PSU-ENMs that the air trapped within the ENM membrane seem 
to provide it with some form of “insulation”. To fully understand the phenomenon, very 
precise experiments have to be conducted to answer the question: Is this due to the 
nanofibrous architecture or the change in material property induced by electrospinning? 
More specifically: 
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(i) Does the size of the material affect its flexibility? 
(ii) Does the hydrophilicity / hydrophobicity have any role to play in a material’s 
flexibility in low temperature? 
(ii) Does the material’s thermal transition temperatures affect its flexibility? 
(iii) Does the materials crystallinity affect its flexibility? 
 
Unfortunately, the author was unable to address these issues during the course of this 
study. Nevertheless it is presented here with the hope that it will propel someone who 
reads this to investigate this. If we are able to identify the reason for such behavior, this 







Through the course of this study, greater understanding of the role ENMs can play in 
separation technology was attained. The misconception that a self-supporting 
membrane filter cannot be composed entirely of nanofibers was laid to rest. Most 
importantly, it was shown that ENM is ‘rigid’ enough to permit repeated runs to be 
carried out with no significant differences in the results. This highlights that ENMs do 
have the potential to act as a filter without the need to be part of a hybrid structure to 
be viable for separation technologies, like in air filters. 
 
Not only can an ENM be formed successfully, the electrospinning technique allows for a 
greater variety of morphologies to be formed with relative ease. With respect to PSU, in 
depth understanding of how to control the formation, shape, texture and morphology of 
these ENMs was achieved.  By selecting the appropriate solvent, PSU nanofibers can 
have countless morphologies and each solvent produces a unique architecture that is 
observed even when solvent mixture were used. Of all the solvent studied, PSU/DMF 
was determined to be the most suited for this study as it allowed for ENMs of various 
architectures be produced. 
 
Characterization methodologies were established that enabled the study of the effect of 
an ENM’s architecture on membrane properties. It also highlighted that the ENM is 
‘rigid’ enough to permit repeated runs to be carried out with no significant differences in 
the results. This reinforces that ENMs do have the potential to act as a filter membrane 




It was evident that the morphology of the ENM and its thickness played a significant role 
in determining the pore-size distribution of the ENMs. The presence of beads in the ENM 
lead to much reduced pore-sizes as well as porosity, with thickness of the ENM having 
little effect on the pore-size distribution. Only when the ENM was free from beads, the 
thickness of the ENM had a profound effect on its pore-size distribution. Increased 
thickness gave rise to reduced pore-size, due to more layers of nanofibers being 
deposited giving rise to more hindrance to flow path.   
 
Based on the properties deduced through the characterisation, it was postulated that as-
spun ENM could be employed as filters for the removal of micro-particles, changing from 
a screen filter to a depth filter. The particle-challenge test highlighted the robustness of 
the ENMs and more importantly, the separation results obtained and the properties of 
ENM determined through the characterisation methods employed had high correlation. 
This indicates that the characterization techniques employed proved to be an accurate 
means to predict the performance of an ENM with respect to size-exclusion separation 
processes. From the separation study it was deduced that when the particle size was 
larger than the bubble-point, the ENM acted like a screen filter and when the particles 
are in the sub-micron range, the membrane behaved like a depth filter as the pores 
within the ENM are much larger. 
 
For the ENM to behave as a screen filter for submicron particles, the bubble-point must 
be in that region. However, developing ENMs with submicron-pores directly through 
electrospinning, proved to be a challenge. Fibers produced via electrospinning, carry 
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residual charges, which increases with decreasing diameter. This result in greater 
repulsion between fibers as they are collected, preventing them from being closely 
packed. Hence, there may be a limit to the degree of close packing that can be realised 
through electrospinning.  
 
To overcome the above shortcoming, the proposed solution was to engineer the ENM 
surface through surface modification techniques. To develop ENMs suitable for 
nanofiltration, the feasibility of developing TFC-ENMs was explored and results obtained 
thus far are encouraging. Contrary to popular belief, interfacial polymerization could 
take place on ENM surface even though the top layer possess ‘pores’ larger than 2um. 
Experiments revealed that the pore-size was not the bottle-neck but the surface energy 
of the ENM was the hindrance to the formation of a stable polyamide layer through 
interfacial polymerization. A new approach was proposed that allowed an effective 
polyamide film to be formed on the surface. The concentration of TMC and the reaction 
time all had a significant effect on the nature of the film formed and thus affected the 
resultant TFC-ENM’s performance. Although the rejection of divalent ions and flux 
obtained thus far through the TFC-ENMs were below those of commercial NF 
membranes, the results are nonetheless encouraging and highlights a potential for them 
in this avenue.  
 
Besides, size-exclusion based separations, ENMs also show promise in other forms of 
separation. Two potential applications identified were affinity separation and membrane 
distillation. Each holds a promise that warrants some further investigation to explore the 
viability of ENMs in these technologies. An element of surprise, the flexibility of PSU-
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ENMs in liquid Nitrogen, was also discovered during this study. All of these require 
significant investigation to fully comprehend the behaviour. 
 
All of the above leads only to one conclusion: ENMs do have a role to play in separation 
technology beyond that of air filtration. They hold tremendous potential and promise in 
liquid separation as pre-filters, MF, UF and NF membranes.  There is still much to learn 
about these new class of materials in membrane science and everything presented here 
is just the tip of the iceberg. As mentioned at the beginning, the author’s aim was to 
highlight potential uses of ENMs with the hope that this will propel more interest from 
membrane scientists to advance the theory of these materials. Hopefully that goal was 






The findings contained within this thesis point to ENMs having a role in separation 
technology. The use of electrospinning provides a membrane scientist with a potential 
tool to manipulate the architecture at the nano-scale and have those features manifest 
into interesting properties. To further this study, the following are recommended 
 
1. Evaluate the structure-property relationship of greater variety of polymers 
The relationships identified within this study are confined to those observed with PSU. 
To eliminate the material influence, a greater variety of polymer – especially hydrophilic 
polymers need to be studied. 
 
2. Investigate the ability to create ordered structures through electrospinning 
One of the stumbling blocks faced was in creating ENMs with sub-micron bubble-point. 
This is due to the random manner presently employed to collect the nanofibers. There 
are techniques described in the literature that promote the collection of ordered 
nanofibers. However, these efforts are still confined to just a few layers. Efforts should 
be placed on finding a means of overcoming or dissipating the residual electrostatic 
charges on the nanofibers. This will enable the development of closely packed structures. 
 
3. Expand the understanding of ENMs performance as a pre-filter and NF filter 
The separation studies conducted within this study provide a direction for further 
research to take place. To gain in depth knowledge and co-relate to transport models, 




4. Develop transport models 
If the above are realized, it will enable the development of transport models specific to 
ENMs, if current models are not able to predict performance. 
  
5. Influence of a nanofibrous structure’s response to liquid Nitrogen 
One of the most interesting observation made in this study is the ENMs response to 
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